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ABSTRACT 
The discovery of macromolecules has catalyzed immense interdisciplinary efforts 
between chemistry and materials science in the past century. A myriad of polymeric 
materials have been synthesized and are often studied for their potential use(s). The current 
developments of synthetic routes for these materials have, however, been largely governed 
by key assumptions and strategies adopted at the infancy of the field. Herein, we challenge 
this conventional dogma across three classes of polymeric materials and provide an 
alternative ‘soft’ approach based on felicitous choice of synthons or application of new 
design paradigms.  
First, chain growth polymerization, for example of olefins, is initiated using a labile 
molecular fragment as an initiator. The key step in these systems, however, lies in the 
homolytic disproportionation of the π-bonds with no significant perturbation on the 
associated -bond. This process, therefore, can be simplified as an addition (radical) or 
abstraction (cationic) of electron density from the olefinic -system. We, therefore, 
inferred that introduction of a free electron presents the simplest way to initiate olefin 
polymerization. The use of subatomic particles (electrons) in a solvated state negates the 
need for a dissociating initiator molecule and a presents an opportunity to exploit quantum 
mechanics aspect of the electron during initiation. Potential to tunnel across solvent 
molecules under slight perturbation offers new possibilities in olefin polymerization. 
Among them include rapid uniform initiation, hence, low polydispersity index (PDI), 
pathway to 3-electron polymerization (radical and anion) leading to bimechanistic 
polymerization, and essentially end-group free chains.  
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On the other end of the spectrum, coordination polymers are conventionally 
synthesized by inducing chemical potential gradients by thermal and pressure changes 
(solvothermal). A major challenge in this approach is inability to maintain steady-state 
concentration hence rate of polymerization decreases with reaction progression. 
Alternatively, chemical potential gradients can be established by using a slow-release 
reagent reservoir and exploit solubility (Gm) to induce an in situ self-assembly driven 
precipitation of the polymerized material. Controlling the coordination sphere geometry 
ensures directs the self-assembly process leading to control over the geometry of the 
material. Since the product is a living polymer, ad infinitum polymerization continuously 
occur on the precipitate. Control over the rate of polymerization (Kp) over the rate of self-
assembly (KL) control the aspect of the ratio with high-aspect ratio materials obtained for 
Kp>>KL and vice versa.  
Finally, besides introducing new paradigms in polymer synthesis, polymer matrix 
composites—especially for autonomous self-responsive polymers, new fabrication 
paradigms are desired. Research in soft materials has recently gained impetus in part due 
to quest for biomimetic smart autonomous responsive materials. Specifically, mechanically 
responsive polymer composites have garnered most interest. The main component in 
designing such materials is presence of mechanically sensitive kinetic barriers in the 
reaction coordinate. Metastable phase change materials offer a unique approach for rapid 
and reaction-free mechanical response. Metastable materials are, however, challenging to 
synthesize. Studies in metastable materials also tend to be heuristic, hence it is challenging 
to develop design rules for such materials. The advent of a reliable, high-yield route to 
liquid metal undercooled particles, however, present a chance to develop new class or 
viii 
composite materials. Mechanical-triggered solidification of these undercooled particles 
implies that an autonomously stiffening material can be made by using the particles as 
filler. Thermodynamic potential of each particle relates to its size, hence, asymmetric 
responses can be engineered through size polydispersity. This approach introduces a 
thermodynamic-governed stiffening, a new paradigm in autonomously responsive 
composite materials. 
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CHAPTER 1.    NONTRADITIONAL SYNTHONS IN POLYMERIC MATERIALS 
Polymeric materials are ubiquitous largely due to the myriad uses. Polymers enjoy 
diverse applications, in part, due to ability to control structure, hence, tune properties that 
include mechanical, electrical, thermal, rheological and optical behavior.1-3 In many ways, 
macromolecules creates the bridge between weak molecular interactions with more familiar 
macroscale forces, enabling bottom-up material design starting at the molecular scale.4 
Endeavors to create more functional materials, however, greatly depend on our ability to 
synthesize target structures. To this end, synthesis and processing of polymeric material is a 
growing field albeit with a strong body of knowledge and design paradigms. Recent 
developments in synthetic pathways for polymeric materials, however, have excessively 
followed a conservative paradigm largely due to limitation in synthons or their integration into 
an active polymerization process.  
 This thesis challenges, and advances, three major classical (i.e. well-established) 
paradigms in the synthesis of polymeric materials and reexamine their fundamental criteria. A 
non-traditional approach is subsequently provided based on this analysis. More specifically, 
the following questions will be asked: i) Do we need initiating molecules for olefin 
polymerization? ii) Is solvothermal synthesis the best approach in ad infinitum growth of 
coordination polymers? iii) Are polymerization/cross-linking reactions the only way to 
produce mechanically responsive polymer composites? 
 
1.1 Initiation in Olefin polymerization 
The various methods available to polymerize olefins stems, in part, from the multitude 
of pathways to manipulate the delocalized π electrons. Active groups such as free radicals, 
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carbo-anion/cation and carbenes have been as used as initiators to disrupt these -electrons 
(Figure 1a). Metal complexes have also demonstrated affinity to olefinic moieties, hence, 
enabling coordination/catalytic polymerization as in the case of Ziegler-Natta5 and Ring 
opening metathesis (ROMP) polymerization.6 A chain reaction (polymerization), however, is 
required to form macromolecules from olefins, thus it is not surprising that early approaches 
in triggering polymerization of olefins have focused on initiator molecules that can host the 
active groups mentioned or reactive metal complexes. These synthons are designed to transfer 
the activated group onto an olefin, and subsequently initiate the chain reaction until the active 
group is diminished. The prime goal during initiation is to destabilize the π bonds, thus we 
raise the question—do we need initiator molecules to trigger polymerization? 
 
Figure 1. Understanding olefin polymerization. a) Traditional active groups utilized as 
initiators.1 b) Survey of the size of electrons compared to common traditional initiators.  
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Introducing a third electron represents one of the most direct methods to destabilize π-
bonds. This odd numbered system yields an unpaired electron (radical) on one carbon and 
access electrons (anion) on the other, formally known as radical anions. Therefore, two active 
groups are obtained simply by addition of an electron. Subatomic species such as the electron, 
introduce quantum mechanics-based components to a reaction when used for initiation as 
evidenced in the colossal difference in size (Figure 1b). Quantum effects are expected to take 
place at such scales, most notably affecting charge transport properties.7-10 Although 
theoretically appealing, addition of individual electrons onto π bonds is complicated by the 
difficulty in sourcing such labile unpaired electrons.  
The highly electropositive alkali metals, under appropriate solvents and conditions, 
readily ionizes to release free electrons into the medium – so-called solvated electrons. In fact, 
Li, Na and K have all been used to initiate polymerization of olefinic monomers by electron 
transfer from metal to π bonds.11-13  The polymers obtained, however, have large polydispersed 
in molecular weights largely due to non-uniform initiation since the metal is a heterogeneous 
(different phase) source of the electron.  Solvated electrons—blue solutions of dissolved metal 
in polar aprotic solvents, provide active electrons while significantly enhancing the 
homogeneity of the reaction under favorable conditions.14-15 Although traditionally 
synthesized in liquid ammonia (-78˚C), these solutions have been made under mild 
conditions,16-17 which portends ‘soft’ olefin initiation. The utility of this versatile species is, 
however, hampered by incoherent reports on the underlying mechanisms and monomer 
selectivity.18-23 
1.2 Subatomic Initiators 
Recently, we explored the use of solvated electrons (esol
-) for initiating polymerization 
of common olefinic monomers at room temperature.24 Our results partly reconciled the 
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disagreements in literature by providing insights into the importance of monomer solubility. 
Among the various peculiarities in studying this system, the most unusual feature observed is 
the rapid formation of macromolecules (>100 kDa) with relatively low dispersity (PDI<1.5) in 
a matter of seconds. The only other system found to have comparable rates in literature was 
cationic polymerization using TiCl4 (Figure 2a), which, as expected, resulted in a high PDI 
(PDI~5.5) presumably due to inhomogeneity in the initiation process.25 Despite the highly 
reactive nature of esol
-, relatively low PDI was achieve. We associate this observation to long 
range electron tunneling processes,7, 9-10 which expands the area of initiation, thus lowering 
concentration gradients that could lead to wide polydispersity.  
 
Figure 2. a) Electron initiated rapid polymerization with narrow PDI.1, 25-29 b) 3-dimensional 
reaction coordinate analogous to Franck-Condon principle with corresponding vibrational 
modes. 
Considering the initiator is a free electron, electronic transitions are known to be much 
faster compared to nuclear (or whole atom) translations. Frank-Condon principle26-28 dictates 
that during electron transfer, the intermediate resides on a vibrational level that overlaps with 
its former (host) state (Figure 2b). In the graphical illustration (Figure 2b), electron transfer 
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can be rationalized as a vertical transition whereby nuclear coordinates are conserved at the 
instant of transfer. Therefore, further reorganization must occur as the intermediate relaxes to 
the lowest vibrational level. Borrowing from Frank-Condon type argument, we infer that 
transfer of the electron from the solvent to the olefinic monomer to be rapid, especially where 
esol
- has no associated nucleus. In this case, therefore, tunneling is likely to occur especially 
near the vicinity of the monomer leading to rapid initiation. The initiated monomer must 
undergo vibronic transitions in a bid to dissipate excess energy. This energy difference, in turn, 
can accelerate chain growth, leading to rapid polymerization. 
Reactions of esol
- with olefinic monomers also provides the unique opportunity for 
three-electron chemistry. Unfortunately, this aspect was not utilized until recently29 due to 
previous misconceptions in the polymerization mechanism (Figure 3a). Earlier work in using 
these blue solutions have largely assumed an anionic polymerization either by reaction of the 
electrons with solvent molecules to form a negatively charged species18, 30 or formation of 
metal anions (M-) through reduction of the metal by esol
-.22-23, 31-32 Radical anions were also 
predicted,19 however, the free radicals were assumed to quickly dimerize leading to a purely 
anionic mechanism.33 This assumption was unfortunately extended as a universal phenomenon 
irrespective of the reaction conditions or underlying kinetics.1, 34 We demonstrate that the 
degree of dimerization can be managed by tuning monomer concentration, polarity, and 
solubility (Figure 3b).24, 29 This can be achieved by tuning the polarity of the monomer mixture 
using solvents. Monomers with larger dipole moments could improve coupling with esol
-,35 and  
invoke intramolecular Keesom-type interactions,36 which lead to enhanced electron tunneling 
(higher Coulombic potential), thus significantly high initiation rates. We utilized the flexibility 
of esol
- for copolymerization to rapidly yield block copolymers in one-step synthesis. This 
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approach enables rapid tuning of the block composition via monomer stoichiometry (Figure 
3c).  
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Figure 3. a) Misconceptions in the mechanism of electron-initiated polymerization. b) 
Bimechanistic block copolymerization through radical anions. c)  Controlling polystyrene 
block by changing monomer concentration. 
1.3 Thermodynamics in Metal-Organic (Coordination) Polymers 
Molecular crystals (or coordination polymers) are synthesized by precipitation of metal-
organic complexes from solution. Recent attention on coordination polymers (CP) is, in part, 
due to potential applications ranging from catalysis,37 gas adsorption,38 and nanomaterials.39 
CPs are primarily synthesized via solvothermal methods.40-41 Solvothermal (and hydrothermal) 
methods are performed typically in a bomb reactor whereby metal ions chelated by organic 
ligands are sealed and subsequently exposed to thermal gradients to induce precipitation.42 
From a thermodynamic standpoint, solvothermal induces precipitation by creating an out-of-
equilibrium system through temperature gradients (Figure 4a).43 The zeroth law, however, 
dictates that chemical potentials, µ of both hot and crystal growth zones must be equal else the 
system must dissipate excess energy. A combination of convective mass transport and 
diffusion supplying metal complex from the hot zone to the cold zone. Poor solubility in the 
growth (cold) zone, however, creates a thermodynamically favorable environment for 
crystallization.  
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Figure 4. Illustration of a) temperature and b) concentration driven self-assembly or molecular 
crystals. 
Solvothermal is attractive from a laboratory perspective because it provides a versatile 
platform for prototyping libraries of metal/ligand pairs. This method, however, is limited for 
scale-up since it is only feasible in batches (batch processing). Scaled-up production, in 
contrast, often prefer continuous processes.44 Furthermore, the reaction conditions in 
solvothermal synthesis (80-260˚C, autogenous pressure) prolonged over several days 
significantly increase energy demands.42 These conditions also render sensitive reagents 
unuseable.45 Modifications were made to accommodate milder conditions and expand the 
breath of synthons available. Most notably, in situ metal/ligand solvothermal reactions have 
been introduced.46 Coordination polymers were synthesized at room temperature either by 
reaction between metal salt and depronated ligands45 or direct anion substitution of the ligands 
onto the metal ion.39, 47-48 Nevertheless, they also fall under the category of batch processes 
and continue to challenge large-scale production. 
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Figure 5. Droplet-dependent in situ concentration profile of Heterogeneous metal adducts. 
High concentration near the surface of the metal particle followed by rapid solubilization and 
diffusion of the chelated organometallic adducts. Saturation leads to in situ self-assembly of 
the polymerized material leading to local increase in metal ion concertation. 
 
In addition to thermal gradients, equilibrium can be perturbed by introduction of a 
concentration gradient (Figure 4b), thus directly creating an imbalance in µ. Challenges in 
maintaining such a potential, however, exist due to entropy-driven diffusion. This limitation 
can, however, be overcome using a heterogenous species whereby reactions are limited at the 
surface. Metallic particles can be applied as a heterogenous and high-density source of metal 
ions.  Such particles would also be intrinsically reactive (zerovalent metal), which unravels the 
pathway to ambient synthesis of coordination polymers. Furthermore, heterogeneous systems 
could be designed into a continuous process that could benefit the industrial process. 
 
1.4 Heterogeneous in situ Metal-ligand reaction (HetMet) 
 Production of metal complexes was achieved by exposing liquid metallic particles to a 
reactive ligand solution—for brevity and clarity, we abbreviate this as HetMet. Concentration 
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gradient of the metal between the particles and solution drives the dissolution of the metal, 
hence, formation of the metal complex based on Le Chatelier’s principle (Figure 6a).49 This 
process continuously occurs until the solution saturates with the chelated metal ions. Conjugate 
acid-base pairs upon dissolution provide the etchant (H+) and ligand (B-), hence, a balance 
between the etch-rate and metal ion concentration hence act like a reaction buffer. When 
polydentate ligands are used, in situ polymerization occurs, leading to significant decline in 
solubility with chain size. Precipitation (crystallization or self-assembly), therefore, becomes 
thermodynamically favorable (Figure 6a). Upon nucleation and precipitation, polymerization 
continues ad infinitum to give high aspect ratio materials. We observed beam-like structures 
(Figure 6c), which consist of 1D coordination polymers upon reaction between several metals 
(Ga, In, Fe and Ni) with acetic acid. Analyzing the structure via a combination of X-ray powder 
diffraction (PXRD), solid-state nuclear magnetic resonance (SSNMR) and thermogravimetric 
analysis (TGA) we infer that the 1D chains assemble in parallel, with the ligand interdigitating 
across the 1D chains (Figure 6b). 
The production of coordination polymers occurs continuously if both metal and ligands are 
available, analogous to a living polymerization in organic polymers.1 ‘Living’ systems 
significantly improves potential for scale-up because production can be streamlined simply by 
addition of reagents. Furthermore, such reactions eases the mathematical modeling of the 
polymerization due to steady-state kinetics, hence, improves predictability of the process—a 
key tenet in quality polymer synthesis.50 HetMet utilizes the intrinsic reactivity of the 
zerovalent metals whereby atoms readily react with ligands to give a predictable coordination 
geometry.refs For example, borrowing from ligand field theory, one can predict the nature of 
bonding based on ligands involved, hence predict the type of assemblies and optical properties 
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of the product. This method can, thus be theoretically expanded to various types of metal-
ligand pairs to give a variety of geometric shapes with tunable aspect ratio.51 Additionally, this 
allows HetMet to be performed at room temperature and standard containers rather than 
specialized bomb reactors. 
 
 
Figure 6. a) Schematic of the HetMet reaction. b) Structure of HetMet synthesized 1D Gallium 
coordination polymer. c) Scanning electron microscopy of Ga-based coordination polymer 
displaying a beam-like structure. Inset illustrates the layered structure of individual beams. 
 
Simplicity of the reaction could also allow ‘doping’ of obtained coordination polymers 
either by i) mixing metal particles with different standard reduction potentials, or ii) sequential 
addition of metals and ligands into the solution (analogous to organic polymers). We 
demonstrate the first approach by performing HetMet on eutectic gallium indium, EGaIn (~3:1 
Ga:In weight ratio) and observed 7% In doping (measured by ICP-AAS and ICP-MS) in a Ga-
based coordination polymer. Differences in reduction potentials dictates the dominant chain, 
while stoichiometry drives the incorporation. 
 
1.5 Thermodynamics as a pathway to responsive polymer composites 
Besides hydrocarbon and coordination polymers, polymer composites have great potential 
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but are challenging to design. Polymer composites are primarily used as structural materials.2 
Smart composites materials, an emerging class of composites, respond to external 
perturbations either autonomously or in a triggered manner. Mechanically responsive 
composites are particularly interesting due to potential applications as self-stiffening and self-
healing materials. Autonomously responsive materials require a stress-initiated reaction(s).52-
55 The key component in these reactions is presence of an barrier (kinetic/thermodynamic), 
which must be overcome upon application of mechanical stimuli (Figure 6).56 
 
Figure 6. Potential energy profile for stimuli responsive mechanisms. 
 
Polymerization or cross-linking reactions have previously been utilized to design 
mechanically triggered stiffening.53-54 Energy barriers in these cases are generated from i) site-
isolation—encapsulation of monomer in core shell structures to separate them from the 
initiating catalyst. Once the shell is broken, polymerization ensues.52-53 ii) mechanophores—
chemical species that become activated by mechanical stimuli, are incorporated into the 
polymer chains and cross-links when triggered. Although autonomous stiffness change has 
been demonstrated, the amount of time required for these reactions to occur is large due to 
13 
retarded Fickian diffusion within the polymer networks. Alternatively, kinetic/thermodynamic 
barriers, in form of metastable phases, can give analogous responses albeit at tunable response 
times. Metals are known to undergo undercooling and remain as a metastable liquid at 
temperatures below their melting point.57 These liquids are kinetically frustrated, that is, 
trapped by a barrier that prevents solidification. The barrier, however, have been observed to 
be overcome by mechanical perturbations. Thus, we demonstrate that incorporation of 
metastable undercooled liquid metals into a polymer matrix yields a stiffness tunable 
composite, whereby mechanical deformations on an initially soft liquid filled composite 
triggers solidification of the metastable liquid metal, which dramatically increases the overall 
stiffness of the material.58 
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CHAPTER 2.    SOLVATED ELECTRON INITIATED RAPID POLYMERIZATION  
Solvated electrons are highly reactive species that offer a chance to develop odd-numbered electron 
chemistry in the form of radical (1 electron) or radical-anion (3 electrons). Although discovered more 
than half a century ago, its utility is encumbered by misunderstandings in monomer selectivity and 
inconsistencies in the polymerization mechanism. In this article, disagreements in literature are re-
examined and through felicitous choice of reaction conditions (room temperature, partial monomer 
solubility, separation of reaction from undissolved metal), new insights were drawn from the 
polymerization of styrene and acrylate monomers. We observe rapid polymerization to give polymers 
with significantly high molecular weights (Mw >104 g/mol, PDI <2) in less than a minute. We note that 
negative inductive effects on an olefinic monomer is essential for polymerization, with olefins bearing 
unsubstituted hydrocarbons (positive inductive effects) failing to polymerize at all. We also demonstrate 
co-polymerization of styrene and methyl methacrylate albeit with a significant bias towards the latter.  
We infer that the first species formed by electron transfer is a radical anion, however, the survival of 
the free radicals depends on the rate of de-solvation. Dimerization of the radical anions is promoted 
by high local concentration of the initiated monomer. This process is highly dependent on enthalpy-
entropy relations during the reaction-desolvation process, which we expound on using solubility and 
Hammett parameters. 
This chapter was modified from an article published in Polymer Chemistry. (Chang, B. S.; Oyola-
Reynoso, S.; Chen, J.; Lu, M.; Thuo, M. M., 2017, 8 (22), 3475-3484) 
 
2.1 Introduction 
Progress in structural diversity and architecture of polymeric materials, coupled with a 
need for high homogeneity, has continued to challenge current approaches in polymer 
synthesis.1-4 The use of reactive species, such as alkali metals, has been noted as one approach 
to diversify current monomer pool, expand the synthesis or processing toolbox, and introduce 
new polymer architectures.5-7 Since these reagents are strongly reducing, alkali metals in an 
appropriate solvent can generate solvated electrons (one-electron chemistry) or nucleophiles 
(two-electron chemistry). Solvated electrons (𝑒𝑠𝑜𝑙
− ) are highly reactive species albeit 
encumbered by a solvation layer.8 These 𝑒𝑠𝑜𝑙
−  have been utilized in otherwise challenging 
reactions such as Birch reduction9 or in materials synthesis.10 Applications of 𝑒𝑠𝑜𝑙
−  typically 
involve reduction reactions and some examples include olefins11, 12, nitriles13, oligopeptides14 
and nitrogen15. The most common method of producing 𝑒𝑠𝑜𝑙
−  is by dissolving alkali metal in 
liquid ammonia, producing a characteristic deep blue solution, with the caveat that this can 
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only be realized at low-temperatures (-78° C).10, 16 Other solvents have been reported to 
promote the formation of 𝑒𝑠𝑜𝑙
− ,17 for example, hexamethylphosphoramide (HMPA).18 
The use of 𝑒𝑠𝑜𝑙
−  as polymerization initiators was first observed, albeit serendipitously, 
by Midgley, Jr. and Henne in 1929, during an attempt to reduce isoprene using sodium in liquid 
ammonia.19 The polymer, however, was treated as a side reaction and not further investigated. 
Similarly, Wooster and Ryan, in an effort to reduce styrene with 𝑒𝑠𝑜𝑙
−  found that polymers were 
produced.20 The first study focused on 𝑒𝑠𝑜𝑙
−  polymerization was by Beaman, who presumed 
that Na-NH3(l) ‘blue solutions’ were anionic in nature.21 A decade later, Overberger et al.,22 
postulated that these systems follow electron transfer mechanism coined by Szwarc et al.,23 
giving rise to a radical anion only when Li (and not Na or K) metal was used (Figure 1b). 
Lipkin and Weissman24 had, however, earlier proposed that Na-THF solutions gives an arene 
anion, a result of one-electron addition, which is in essence an equilibrated radical anion 
(Figure 1a) – semantic (anion vs radical-anion) misrepresentation of this work led to translation 
of their characterization as inferring two-electron (anion) chemistry as opposed to three-
electrons (radical-anion). More systems have since been explored, including the use of crown 
ethers and cryptands to improve solubility of the metal.25, 26 Perhaps the most radical idea was 
introduced by Jedlinski et al., who insinuated an unusual, thermodynamically uphill 
(ΔG298=13.5)27, alkali metal reduction leading to potassium anion (Kalide, K-) when 18-crown-
6 was used to chelate K+ from the solution (Figure 1c).28, 29 
Although the formation of a kalide from an electride is feasible, its preparation and use 
in polymerization was not demonstrated by preparing a related alkalide and demonstrating that 
this can initiate polymerization as shown in Figure 1c. No characterization was also offered to 
support the formation of a kalide from the electride. Due to the presence of the presumed K-, 
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Jedlinski and co-workers inferred that polymerization in such systems occurred via an anionic 
mechanism.30 Similar analogies or presumed low-temperature spontaneous coupling of any 
generated radicals have been used to infer, and generalize, that polymerization with 𝑒𝑠𝑜𝑙
−  occurs 
via an anionic polymerization mechanism. 
 
Figure 1. (a) Lipkin and Weissman’s equilibrated radical anion. (b) Szwarc’s electron transfer 
from sodium napthalenide, and presumed dimerization of the initiated monomers. (c) Jedlinski 
K--based: Alkali metal anion formed in the presence of crown ether undergoes two electron 
transfer to form styrene dianion. (d) Anion initiated polymerization as proposed by Beaman. 
 
Unfortunately, the original postulate by Szwarc23 that the radical termini of the initiated 
radical-anion monomer readily dimerizes at low temperature to form dianions has been 
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erroneously extended as a universal phenomenon without consideration of changes in reaction 
conditions and/or monomer solubility. In fact, it has been shown in experiment and simulation 
that non-conjugated dianions are highly unstable due to Coulombic repulsion.31 We believe 
that new insights into this rather reactive system can be obtained by investigating; i) Effect of 
changing the reaction temperature from liquid ammonia to ambient (ΔT~100 °C), ii) exploring 
inductive effects in the monomer, iii) questioning the role of mixing (solubility) in 
stabilizing/promoting mixed mechanisms that have been inferred to be the starting point of the 
polymerization process,23, 24 iv) the role of Jedlinski’s K- in ambient temperature 
polymerization,25, 28, 30, 32-34 and v) exploring the reaction mechanism in light of the strong 
dipole-charge secondary bond between the electron and associated solvent shell. If the 
solvation shell were to be perceived as metastable micelle encasing a single initiator (𝑒𝑠𝑜𝑙
− ) -
the ideal case in emulsion polymerization, then interaction between the monomer and solvent 
plays a significant role during initiation as diffusion across the solvent shell is concentration 
dependent. We can therefore infer that better solubility, which leads to higher monomer 
concentration outside the solvent shell, significantly increases the monomer’s chemical 
potential across the protective shell consequently promoting rapid monomer flux towards the 
𝑒𝑠𝑜𝑙
− . A strong entropic change in the system (solvent re-organization) is expected upon 
consumption of the 𝑒𝑠𝑜𝑙
−  but enthalpic gains due to monomer activation can lead to favorable 
enthalpy-entropy compensation. 
 
2.2 Background 
Incoherent reports on the underlying mechanisms and monomer selectivity have 
unnecessarily portrayed 𝑒𝑠𝑜𝑙
−  initiated polymerization as a complex, and difficult to control 
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platform. Table 1 summarizes key literature results and the proposed mechanisms. The 
inconsistencies in the literature can be quickly recognized from the variety of postulated 
initiators or initiated unit. Persistence of such discrepancies and ambiguities are, in part, 
responsible for the slow-growth of this otherwise versatile approach to end-group free 
polymerization. The studies summarized in Table 1 involving liquid ammonia were carried out 
at low temperature, which we infer will have significant negative consequences on the kinetics 
of polymerization. Under liquid ammonia (at most -34 °C), most commonly used monomers 
will solidify or have poor solubility. As such, these reactions should be viewed as interfacial 
(if not biphasic) polymerizations. These conditions may very well be the reason for Beaman’s21 
inability to significantly polymerize styrene. At ambient temperatures and using a slightly less 
polar medium, however, the monomers are more soluble and even under low solubility, they 
would phase segregate into droplets. Phase segregated monomer liquids in presence of solvated 
electrons would call for emulsion-type polymerization kinetics, with the solvent shell being 
analogous to a micelle holding a single initiator. The improved solubility of the monomer 
allows for rapid diffusion into the solvent shell around the electron (‘micelle analog’) followed 
by a rapid re-organization of the now unbound solvent shell. The enthalpic, and entropic, gains 
from this process promotes monomer solubility and accelerates the polymerization reactions 
leading to rapid growth in the polymer chains. Assuming reaction with other dissolved 
monomers, propagation of the radical anion via both free radical and anionic polymerization 
would occur and with adequate mixing, and lower initiated monomer concentration, the 
probability of chain-chain radical termination will be low. 
We, therefore, predict that at ambient conditions and increased monomer concentration, 
free-electron initiated polymerization should be rapid, proceed via two mechanisms (radical 
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and anionic) when initiated monomer concentration is low, and should be a living 
polymerization method. Herein, we provide evidence to support this hypothesis and 
demonstrate that at ambient conditions, free-electron initiated polymerizations are significantly 
different from what is reported in literature.  
 
Table 1. Conflicting reports on solvated electron polymerization.  
aLow molecular weight and low yield was reported. b18-crown-6 was used to improve 
solubility of K. PS: polystyrene, PMAN: polymethacrylonitrile, PMMA: poly (methyl 
methacrylate). 
 
2.3 Results and Discussion 
The 𝑒𝑠𝑜𝑙
−  were prepared at room temperature using sodium and HMPA in a dry inert 
(N2) environment using the well-established Schlenk technique.
11 The solution turned blue as 
the metal dissolved, with larger quantities of metal forming blue then brown solutions.  
 
2.3.1 Effect of undissolved metal 
To assess the role of undissolved Na(S) we; i) introduced the styrene directly into a flask 
containing 𝑒𝑠𝑜𝑙
−  but prior to complete dissolution of the metal, and observed that, although the 
monomer polymerized, a red-viscous fluid rapidly formed followed by solidification and loss 
of color in the reaction mixture. The resulting polystyrene had a high polydispersity index (PDI 
Literature Solution Initiator Initiated unit PS PMAN PMMA 
Beaman21 Na-NH3 I
- Anion a     
Overberger22 Li-NH3 𝑒𝑠𝑜𝑙
−  Radical anion N/A  N/A 
Overberger35 K-NH3 NH2
- Anion N/A  N/A 
Dainton36 K-DME 𝑒𝑠𝑜𝑙
−  Radical anion    
Jedlinski28, 33 K-THFb K- Dianion  N/A         
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> 2, supporting information Figure S2) as determined by gel permeation chromatography 
(GPC). ii) Using a cannula and inert atmosphere, solvated electrons were transferred into a 
graduated addition funnel (Figure S1). A known amount of the 𝑒𝑠𝑜𝑙
−  solution was introduced 
into the monomer solution from the graduated addition funnel, and rigorously mixed (Figure 
S1). The deep blue color rapidly disappeared, indicating consumption of the 𝑒𝑠𝑜𝑙
− , which lead 
to the polymerization of styrene. Information on the obtained polymer is described in Table 2. 
From these experiments, we refute the Jedlinski’s28 postulate that undissolved metal is a critical 
component in the initiation of the polymerization, and further argue that these polymerization 
process do not require the high energy and unfavorable metal anion proposed in their work. 
 
2.3.2 Distinguishing ambient temperature reaction processes from low temperature 
Both experimental configurations (method of initiator introduction) resulted in 
polymers of considerable sizes (molecular weight, Mw), in striking contrast with reports by 
Beaman21 (Table 1). Under the second set-up, rapid conversion of styrene was observed, as 
determined by 1H NMR and, as expected, increased logarithmically with time (Figure 2). 
Polystyrene (MW ~ 180,000 g/mol, PDI=1.7) was obtained in <60 seconds, after which the 
conversion asymptotes. Based on these data, we roughly estimate a rate constant, kp ~ 10
3 L 
M-1s-1, which is higher than kp of free-radical (10
2 L M-1s-1) but lower than kion-pair of anionic 
polymerization of styrene in sodium-HMPA solution (105 L.M-1s-1).37, 38 This unusual rate 
could be a result of either mixed mechanism (radical and anion) or emulsion-type 
polymerization. The former would result from a homogeneous polymerization reaction in 
which the dissolved monomers adds to the initiated radical-anion as postulated by Lipkin and 
Weissman24 and postulated by Szwarc23 albeit without radical termini dimerization. Emulsion 
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polymerization type growth could occur if the monomer diffuses across the solvation shell and 
gets initiated, followed by the maintenance of an analogous solvation shell around the radical 
anion, thus, necessitating diffusion of monomers into the newly established shell akin to 
emulsion polymerization. 
 
Figure 2. Polystyrene conversion as a function of time, determined by 1H NMR. 
 
Alternatively, the poor solubility of styrene in HMPA (Δδ = 10.5 MPa1/2)39 presumably 
forces the monomer to agglomerate into small droplets. Upon contact with an electron bearing 
solvent shell (solvated electron), monomer diffusion across the solvating shell can occur 
leading to rapid activation and concomitant disruption of the solvation shell. This local solvent 
reorganization, and associated enthalpic change, enhances solubility of the monomer droplet 
and a steep monomer concentration gradient is established between the activated monomer and 
the droplet. In this case, therefore, an emulsion-type initiation occurs, but this is followed by a 
homogeneous solution polymerization. At the moment, however, we exercise caution in 
suggesting one mechanism over the other but can clearly infer that due to difference in 
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solubility and physical state of the monomers, ambient temperature reactions are significantly 
different than analogous low-temperature reactions. 
 
Table 2. Survey of monomer selectivity. 
M: Monomer-initiator molar ratio 
2.3.3 Monomer selectivity  
Besides styrene, methyl methacrylate and acrylonitrile—two monomers bearing polar 
moieties, were also polymerized (Table 2). The obtained polymers were comparable with 
literature (see supporting information Figure S3-S14).40, 41 The ability to polymerize methyl 
methacrylate differs from inference drawn by Dainton et al.36, whereby poor polymerization 
(if any) of acrylic monomers was observed. We infer that the observed failure to polymerize 
acrylates is in part due to the low concentration of electrons (the application of DME has low 
Monomer M Mw (104 g/mol) PDI Conversion (%) 
Styrene 
 
56:1 11.3 1.8 29 
Methyl methacrylate 
  
112:1 3.8 2.1 39 
Acrylonitrile 
 
145:1 Insoluble 68 
Styrene oxide 
 
70:1 - - <1 
Vinylcyclohexane 
 
61:1 - - <1 
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polar component in its Hansen solubility parameter39) in their system coupled with significant 
amount of adventitious contaminants by the monomers (as they argued36). By using better 
purified monomers and Schlenk techniques, we demonstrate that both styrenic and acrylic 
monomers can be rapidly polymerized in a reproducible manner using the 𝑒𝑠𝑜𝑙
−  as initiators. 
Below, we provide further evidence to support our inferences and offer new insights to this 
rather under-utilized polymerization initiators.  
 
2.3.4 Limitation of the olefin Moiety  
To further elaborate on the efficiency of solvated electrons to polymerize olefins, structure-
property relations with monomers that are structurally analogs of styrene were explored. First, 
styrene oxide, which bears an oxirane in lieu of an olefin, failed to polymerize under similar 
conditions. Attempts to polymerize vinyl cyclohexane (VC) or a linear terminal olefin (1-
heptene) also failed, suggesting that the phenyl ring in styrene or the ester in acrylates plays an 
important role in the polymerization. We infer that the negative inductive effect of the two 
moieties, as opposed to the positive inductive effects of the alkanes, lowers the electron density 
across the olefin abetting the initiation. 
 
2.3.5 The fate of radical anions 
Walling et al.42 first proposed that alkali metal initiated polymerizations are almost exclusively 
anionic. A monomer mixture of styrene and methyl methacrylate was polymerized using 
metallic Na and K (in benzene, at 30 °C), and it was found that the resulting polymer consisted 
of only PMMA. From this result, they inferred that the reaction was exclusively anionic 
polymerization. Free radical polymerization of such a system would produce a random 
copolymer, considering its lack of monomer selectivity compared to anions. Szwarc et al. later 
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introduced the electron transfer mechanism using Na in naphthalene solutions, where a radical 
anion was proposed as the first initiated unit.23 This species, however, were argued to be short 
lived because they quickly dimerize into di-anions. Shortly after Szwarc’s report, O’Driscoll 
et al.43, 44 demonstrated that free radical polymerization also occurs when metallic Li was used. 
Simulating Walling’s work,42 they showed that indeed styrene was polymerized when a 
mixture of methyl methacrylate and styrene was exposed to metallic Li. Based on their findings 
and Walling’s argument, they claimed that a propagating radical anion is responsible for this 
observation. Levy and Szwarc45 added that a propagating free radical could be observed only 
in Li metal because Na and K (more polarizable hence lower ionization potential) induces more 
rapid initiation, which favors dimerization of the radicals. Despite obtaining an electron spin 
resonance signal from Na-naphthalene initiated polystyrene, they dismissed that observation 
to be an incomplete consumption of the initiator- a paradox since stability was claimed as the 
driving force for the dimerization. Nevertheless, data from Hirota and Kuwata46 differs, since 
propagating radicals were observed in metallic Na initiated polymerization. In spite of the 
background above, the question remains, is 𝑒𝑠𝑜𝑙
−  initiated polymerization exclusively anionic 
or is it bi-mechanistic? 
Motivated by this uncertainty, 𝑒𝑠𝑜𝑙
−  derived from Na-HMPA solutions were used to 
polymerize a mixture of stoichiometric styrene and methyl methacrylate (MMA) monomers. 
This resulted in co-polymerization of 1:9 (styrene: MMA) to give PS-b-PMMA (Figure 3). 
The structure of this block polymer was confirmed using DSC, GPC, and NMR analysis (see 
supporting information Figure S15 and S16). We, therefore, infer that the 𝑒𝑠𝑜𝑙
−  preferentially 
attacks the more electrophilic vinyl moiety in MMA, creating a radical anion that sequesters 
more of the MMA monomer into the polymer compared to styrene.  
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Although our initial results indicate a block polymer (two Tg peaks and key coupling 
in HMBC NMR spectra) with styrene and MMA, the specific composition of each block is still 
under investigation. We have also confirmed that the obtained polymer is living by sequentially 
polymerizing styrene and methyl acrylate (see supporting information Figure S39-S42). 
Building on previous findings, we conclude that i) 𝑒𝑠𝑜𝑙
−  produced in our system creates radical 
anions from methyl methacrylate, ii) the anion active center rapidly depletes the solution of 
methyl methacrylate allowing for the less reactive (and less soluble) styrene to start 
incorporating into the polymer.  
 
Figure 3. 1H NMR of copolymer produced from methyl methacrylate and styrene (1:1) mixture. 
 
2.3.6 A question of solubility  
Levy and Szwarc45 noted that with addition of one electron to an olefin, a reactive three 
electron radical anion is formed, but argued that the survival of the free radical termini is 
dependent on the rate of 𝑒𝑠𝑜𝑙
−  transfer to the monomer. They argued that rapid transfer (what 
we refer to as initiation) leads to radical dimerization resulting in a propagating di-anion. It 
was therefore postulated that K and Na were likely to lead to di-anions compared to Li. In the 
case of well-formed 𝑒𝑠𝑜𝑙
−  (fully dissolved metals), however, the role of the metal (0) is 
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diminished since the solvated electrons are located closer to the solvent molecules as discussed 
by Hoffmann et al.17 The diminished role of unreduced metal and the tight binding of the 𝑒𝑠𝑜𝑙
−  
in a solvent shell challenges the Jedlinski’s kalide formation and the initiation-rate dependent 
anion formation. We, therefore, hypothesize that for 𝑒𝑠𝑜𝑙
− , the initiation rate is affected by; i) 
solubility of the monomer, ii) the rate at which the monomer diffuses across the solvation shell 
and, iii) the effect of solvent re-organization upon consumption of the 𝑒𝑠𝑜𝑙
− . These three 
conditions are dependent on the concentration of the monomer in solution. We, therefore, 
evaluated the effect of styrene concentration on the polymerization (Figure 4a-b). Styrene is 
partially soluble in HMPA at room temperature and pressure (difference in Hansen solubility 
parameter, Δδ = 10.5 MPa1/2)39, hence at low concentrations a homogenous reaction occurs 
leading to symmetric Gaussian distribution in the molecular weight distribution (Skewness ~ 
0). On increasing the concentration of the monomer, a significant increase in molecular weights 
of resulting polymers occurs with concomitant increase in skewness, with a bias towards higher 
molecular weight. We infer that the nature of the skewness is potentially due to chain-chain 
termination and/or an initiated chain encountering a region of high monomer concentration 
(e.g. a phase segregated micro-droplet of the monomer).  Based on these observation, and as 
is the case with polymerization [e.g. the case of ring closing metathesis vs Acyclic Diene 
METathesis polymerization (ADMET)], we argue that dimerization of the free radical termini 
occurs as an effect of concentration rather than the ionization potential of the alkali metal. 
 
2.3.7 Implications of initiation rates on the mechanism 
Kottisch et al. recently showed that the rate of initiator introduction affects the 
skewness of the molecular weight distribution (MWD).47 It was shown that higher positive 
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skewness in the MWD, translates to slower (delayed) initiation. In this work, keeping the rate 
of initiator introduction the same, we observe that higher monomer concentration leads to 
higher skewness.  
 
Figure 4. a) GPC traces of polystyrene synthesized at different monomer concentrations. b) 
Effect of monomer concentration on molecular weight (MW) distribution. 
 
Thus, at higher monomer concentration, and according to Kottisch et al., slower 
initiation occurs, which according to Szwarc et al.45 would lead to reduced dimerization. The 
reduced dimerization, in turn, means that the free-radical termini survives, leading to 
significant charge separation and bi-mechanism polymerization. This bi-mechanistic reaction 
could be responsible for the steep increase in MW at higher monomer concentration (100% 
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styrene). We, therefore, infer that a higher concentration of styrene solution resulting in slower 
initiation as indicated by higher skewness. This lowers the probability of dimerization by 
keeping the initiated monomer concentration ([M]*) low relative to the overall monomer 
concentration (akin to ADMET), according to Szwarc et al.45, hence potential participation of 
both the anion and free radical termini of the initiated monomer in the polymerization. 
 
2.3.8 Effect of monomer structure on the polymerization 
Acrylic monomers with varying substituents, hence solubility in HMPA, were explored 
(Table 3). Under these settings, we hypothesized that the greater the difference in solubility 
parameters (Δδ), the slower the de-solvation of the electrons, which translates to slower 
initiation rate and eventual propagation. This hypothesis is largely due to an inferred 
correlation between reduced monomer diffusion across the solvation shell with poor solubility 
(chemical potential of the monomer across the solvent shell). Of the two monomers 
polymerized, the acrylate has a more favorable Hansen solubility parameter than styrene and 
as such is a better candidate for developing structure-reactivity. Acrylate-based monomers 
bearing various substituents, either across the ester (R) or the olefin (R1 or R2) were selected 
and polymerized using 𝑒𝑠𝑜𝑙
−  (Table 3). First, we investigated the effect of different substituents 
across the olefin, then explored whether the structure of the ester moiety influenced the 
polymerization either through solubility or stereo-electronic effects. 
 
2.3.9 Effect of Olefin structure 
As expected, both methyl acrylate and MMA readily polymerized to give polymers of 
comparable molecular weights. Introducing the methyl moiety on the olefin, however, led to 
high PDI (2.1) and significantly lower (39%) conversions (Table 3). Interestingly, when the 
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position of the methyl moiety is shifted, the resulting methyl crotonate does not significantly 
polymerize. This could be, in part, due to; i) positive inductive effect of the moiety at the olefin 
termini, ii) steric encumbrance, iii) possible re-hybridization, and therefore geometric change, 
upon addition of the electron, or iv) destabilization of the formed radical anion. To further 
evaluate the origin of reduced ability to polymerize, a methyl cinnamate (negative inductive 
effect due to the phenyl group) was subjected to the free electrons. No significant 
polymerization was observed with the cinnamate allowing us to infer that inductive effects 
were not the primary effect at this position of the acrylate monomers. One unexplored question 
in these reactions is whether the addition of the solvated electron leads to re-hybridization of 
the carbon bearing the anion. Can we argue that a new bond is formed from the electrons s-
orbital and the hybridized sp3 akin to the ensuing polymerization reaction? This is a postulate 
that would lead to geometric changes across the olefin and loss of conjugation with the now 
separated radical except through σ-σ* hyperconjugation. 
Table 3. Acrylic monomers with varying solubility in HMPA. 
M: Monomer-initiator molar ratio. Mw: Molecular weight (104 g/mol). aC: Conversion. 
bHammett parameters are only taken for substituents on the α-C of the olefinic moiety.48 
Monomer 
(M) 
R1 R2 M Mw PDI Ca  Tg °C σpb Sc Δδd 
 
H H 123: 1 3.4 1.6 93 12 0 -0.2 4.2 
H Me 112: 1 3.8 2.1 39 115 -0.17 0 6.8 
Me H 112: 1 - - <1 - 0 - - 
Ph H 112: 1 - - <1 - 0 - - 
 
Bu 74: 1 4.3 1.4 40 14 -0.17 -0.3 5.9 
Ph 76: 1 2.3f 2.9 20 132 -0.17 - - 
Bn 71: 1 2.5 3.5 29 62 -0.17 0.1 8.7 
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cSkewness. dDifference in Hansen solubility parameter compared to HMPA (MPa1/2). fBimodal 
distribution was observed (Figure S24). 
 
2.3.10 Effect of Ester Structure 
To delineate the role of ester, we sought structural analogs of the MMA (lower 
conversion) to explore how the ester might mitigate any detrimental effects of the methyl 
moiety on the olefin. When a butyl ester was polymerized, the resulting polymer was 
comparable to that obtained from the methyl analog (Mw=4.3 x104 g/mole vs 3.8 x104 g/mole, 
conversion =40% vs 38%) except that the Bu-ester had a better PDI (PDI=1.4 vs 2.1). We infer 
the difference in PDI to be a result of improved solubility and lower monomer concentration 
[slightly lower monomer: initiator (75:1 compared to 112:1) ratios were needed in this portion 
to maintain solubility]. When a phenyl ester was used, the molecular weight of the resulting 
polymer was significantly lower (2.3 x104 g/mole at 20% conversion) and the PDI was 
significantly higher (2.9). Similar characteristics  
were observed from the benzyl ester. We can therefore infer that improved negative 
inductive effects from the ester do not lead to higher quality polymers from MMA, but rather 
increasing the solubility (Butyl ester) does. 
 
2.3.11 Dependence of the de-solvation, hence Polymerization, on Monomer solubility 
Our hypothesis that the rate of polymerization initiation with 𝑒𝑠𝑜𝑙
−  is highly dependent 
on the rate of desolvation, hinges on the obvious need for the monomer to cross the requisite 
stabilizing solvent shell. This hypothesis is based on the understanding that while the 𝑒𝑠𝑜𝑙
−  are 
in solution, they are heavily solvated as demonstrated by Hoffman and co-workers17. In fact, 
intermediate range ordering among the polarized solvating molecules have been reported.49, 50 
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The monomer, therefore, must either disrupt the solvation shell or diffuse through it akin to 
emulsion polymerization. The latter is likely since the spontaneous disruption of the solvation 
shell (maintained by dipole-charge secondary bonds) would necessitate that the monomer 
induces thermodynamically more favorable interactions. The high charge density on a free 
electron makes this thermodynamically challenging, hence, unlikely to occur. It is, therefore, 
feasible to assume that solubility of the monomer will affect the initiation rate and hence the 
rate of the reaction, two variables that are directly related to this are molecular weight 
distribution (MWD) and the propagation rates. The rate of initiation, and its uniformity, can be 
deduced from the distribution of molecular weights assuming steady state kinetics. The rate of 
propagation can be inferred from the size (i.e. degree of polymerization) of the polymer. To 
evaluate the effect of monomer solubility, we calculated (Table 3) and evaluate correlation(s) 
between Hansen solubility parameters of various acrylate-based monomers in HMPA and the 
synthesized polymers (Figure 5a). Despite outliers in the data, we observe clear trends 
suggesting that decreasing the solubility of the monomer lead to; i) decrease in degree of 
polymerization (Dp), and ii) increase in skewness of the MWD. The lower rate of propagation 
(decrease in Dp), could also be due to poor diffusion among the reactants as solubility 
decreases whereas the increase in skewness inform us that the de-solvation rates are slower as 
described in the previous section. It should, however, be noted the change in skewness due to 
concentration is more significant compared to solubility (Figure 4 & 5b). The inferences made 
here further confirms that monomer solubility has a major effect on the quality of the polymer. 
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Figure 5. a) Degree of polymerization (Dp) and skewness of acrylic monomers with different 
levels of solubility in HMPA (larger Δδ leads to lesser solubility). Lines serve only as a guide 
to the eye, not a linear fit. b) Electron spin resonance (ESR) of 𝑒𝑠𝑜𝑙
− . Inset shows ESR of 
quenched solution. c) ESR signal of styrene initiated by 𝑒𝑠𝑜𝑙
− . 
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2.3.12 Proposed mechanism of room temperature solvated electron-initiated 
polymerizations  
Based on the observations above, and re-assessment of reported reactions we can infer 
that the described ambient temperature polymerization is significantly different than those 
describe at low temperature (mostly using liquid ammonia). We can also infer that, based on 
the energy difference of the reacting system (due to ΔT~100 K), it would be erroneous to 
compare low-temperature and ambient temperature systems even though they utilize the same 
initiator. By deploying soluble monomers, and isolating any undissolved metal from the 
reaction, we infer that the addition of an electron across C=C bond leads to a three-electron 
activated monomer species that propagates via both radical and anionic polymerizations. By 
maintaining low initiated monomer concentration ([M]*), the three-electron system propagates 
but at higher concentration the free radical termini dimerize, allowing the reaction to proceed 
by anionic polymerization only. Electron spin resonance (ESR) of the initiator (𝑒𝑠𝑜𝑙
− ) showed 
a single sharp signal (Figure 5b). In contrast, styrene monomer introduced with electrons 
showed broader signals (Figure 5c), which we infer to be free radicals from macromolecules.51   
We, therefore, propose a revised mechanism for polymerization using solvated electron 
initiators, which integrates solubility, hence, the de-solvation step and its respective 
consequences, as a critical focal point of understanding and utilizing these rather interesting 
high energy species for polymer synthesis (Figure 6). 
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Figure 3. Revised mechanism during initiation and propagation in solvated electron e-(sol) 
polymerization, which includes the role of de-solvation rate, hence, initiated monomer 
concentration, [M]*. 
 
2.4 Conclusions 
Through a comprehensive survey of the literature and felicitous choice of reaction 
conditions, we infer that solvated-electron initiated polymerization demand a close evaluation 
of the role of the solvation shell. Based on the preceding data and associated arguments, we 
can draw the following conclusions. 
 
Stereo-electronic (sterics and Inductive) effects affect stability of the radical 
anion, hence the ability to initiate polymerization with 𝒆𝒔𝒐𝒍
− . 
Failure in polymerizing vinyl cyclohexane and success in polymerizing monomers such 
as acrylates, acrylonitrile and styrene highlight the importance of the electron withdrawing 
moiety in stabilizing the radical anion. Subsequently, the inability to polymerize methyl 
crotonate and methyl cinnamate suggest that substituents on the β-C of the olefin destabilized 
the radical anion and/or induced steric encumbrance that could have abated chain propagation. 
39 
Low-Temperature 𝒆𝒔𝒐𝒍
− -initiated polymerization is mechanistically different from 
room temperature analogs: 𝑒𝑠𝑜𝑙
− -initiated reactions using liquid ammonia have resulted poor 
polymerization in non-polar monomers i.e. styrene. This is probably due to low solubility or 
phase segregation between initiator and monomer. Room temperature reactions on the other 
hand, provide decent yield and high molecular weight polymers. 
 
Solubility of the monomer, and therefore de-solvation of the electron, strongly 
influence the quality of the polymer obtained from 𝒆𝒔𝒐𝒍
−  initiated polymerization: The 
skewness in the polymer’s molecular weight distribution increases with lower solubility. This 
is instigated by slower de-solvation of the electrons, hence delayed initiation of the monomers. 
 
Monomer concentration NOT temperature affect the rate of radical dimerization 
in 𝒆𝒔𝒐𝒍
−  initiated polymerization: We have confirmed that both the free radical and anion 
propagates significantly upon initiation. By increasing the concentration of a monomer with 
poor solubility (styrene), we have observed slower de-solvation of the electrons, as indicated 
by the skewness data. Thus, rate of radical dimerization between radical anions should then be 
concomitantly lower according to Szwarc’s argument.  
 
Monomer concentration has a greater effect than solubility on the de-solvation 
rate of electrons: The change in skewness induced by monomer concentration was observed 
to be an order of magnitude higher compared to monomer solubility. 
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Block-copolymers can be obtained from 𝒆𝒔𝒐𝒍
− -initiated polymerizations: 
Polystyrene-b-poly (methyl methacrylate) was synthesized in one step, which we infer to be a 
result of the propagating radical anion. A block copolymer was also made via sequential 
addition, demonstrating that the polymer is ‘living’. 
 
Re-hybridization upon addition of the 𝒆𝒔𝒐𝒍
−  may lead to geometric changes that 
introduce hyperconjugation (in lieu of conjugation) across the olefin in the activated 
monomer:  Addition of an extra electron across an olefin occurs with increased coulombic 
repulsion between the three electrons spread over two carbons. We speculate that it may 
become necessary for the carbon bearing the radical to re-hybridize from an sp2 to an sp3 – 
making it more amenable to σ-bond formation while orienting the radical away from the anion. 
Re-hybridization may also lead to σ-σ* hyperconjugation to stabilize the anion. With a change 
to a tetrahedral center the olefin terminal carbon may induce steric encumbrances around the 
anion that may render it limited in the type of monomers that can undergo anionic 
polymerization. This argument, could help explain why a growing styrene polymer chain could 
not integrate a styrene oxide fragment. We, however, exercise caution in associating this 
potential re-hybridization to the failed co-polymerization until it is further substantiated. 
 
2.5 Materials and Methods 
Measurements. 1H and 13C NMR spectra for all samples were obtained using Bruker Avance 
III spectrometer (600 MHz), using deuterated chloroform or deuterated dimethyl sulfoxide as 
solvents. All NMR spectra were compared with literature where possible. Gel permeation 
chromatography (GPC) was performed on a Shimadzu Prominence with chloroform as the 
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solvent at 40 °C and 1 mL/min flow rate. Differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) was performed using TA Instruments Q20 and Q50 
(10°C/min). XPS spectra was obtained using Kratos Analytical AMICUS spectrometer. CW 
ESR spectra were obtained using Bruker ELEXYS E580 FT-EPR. 
 
Materials. Hexamethylphosphoramide (99%), sodium (99.9%), styrene (>99%), 
vinylcyclohexane (>99%), ethyl methacrylate (99%), acrylonitrile (>99%), styrene oxide 
(97%), benzoyl peroxide (70%), methyl acrylate (99%), methyl methacrylate (99%), methyl 
crotonate (98%), methyl cinnamate (99%), butyl methacrylate (99%), benzyl methacrylate 
(96%) and phenyl methacrylate (97%) were purchased from Sigma Aldrich.  
 
Experimental. Our experimental set-up was based on Schlenk techniques for preparing 
solvated electrons coupled with cannula transfer under controlled environment as developed 
by Whitesides and co-workers1. A graduated addition funnel was used to quantify the volume 
of the solvated electrons added., while the cannula was used to mitigate transfer of any 
undissolved metals – a key requirement in challenging the Jedlinski’s potassium anion where 
partial dissolution of the metal was required. 
 
Preparing solvated electrons. A 500 ml three neck flask was flame dried and partially filled 
with molecular sieves. Two exits were closed using rubber septum while the remaining exit 
was attached to a glass valve connected to a Schlenk line. With the valve open, the flask was 
heated above 300°C (measured using infrared thermometer) with a propane burner. Vacuum 
was then applied while the flask was constantly heated for ca 30 minutes to activate the 
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molecular sieves. After cooling to ambient temperature, the flask was back-filled with ultra-
high purity (UHP) N2 and then charged with hexamethylphosphoramide (HMPA) through the 
rubber septum using a syringe. After equilibration for at least 20 hours, the HMPA was ready 
to use. A 50 ml three neck flask containing a magnetic stir bar (Figure S1) was flame dried 
under a stream of UHP N2. 0.02g of Na was thoroughly rinsed with hexanes then quickly 
introduced into the flask while maintaining an inert atmosphere through positive N2 pressure. 
The flask was then charged with 20 ml anhydrous HMPA and the mixture was stirred under 
an inert atmosphere. To prevent adventitious contaminants from the N2 stream, flow was 
stopped as soon as a blue hue formed on the metal surface (ca. 15-20 seconds after introduction 
of the solvent). 
 
Preparing monomer. Monomer stabilizers were removed by adsorption onto a column of 
Celite as previously reported.2 A second setup containing a three neck round bottom flask, a 
graduated addition funnel, a stirrer, a rubber septum and a ground-glass gas valve (Setup 2, 
Figure S1) was assembled and flame dried under an inert atmosphere. The round bottom flask 
was then charged with 2 ml of anhydrous HMPA followed by 2 ml of monomer and degassed. 
Synthesis. The transfer of solvated electrons into the graduated funnel was setup as shown in 
Figure S1. The flask containing the blue solution was pressurized with N2, then cannula was 
introduced but not immersed into the solvated electrons, allowing flow through the cannula for 
ca. 0.5 minutes. The other end of the cannula was then inserted into the rubber septum on the 
graduated funnel. The exit valve was then momentarily opened to relieve internal pressure and 
the cannula was then immersed into solvated electrons, allowing transfer into the graduated 
funnel. After desired amount is transferred, the cannula was then removed from the solution to 
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stop flow, followed by disconnection from the setup. Amount of initiator used was calculated 
considering a 1:1 stoichiometric relation to Na although surface oxidation is expected during 
the transfer process. The reactants were then quenched in methanol with concomitant 
precipitation of the polymer. 
 
Kinetics experiment. An aliquot was withdrawn from the polymerizing reaction periodically. 
The extracted solution was immediately diluted with Chloroform-D at ambient conditions 
followed by NMR analysis. Conversion was calculated by comparing integrals between 
characteristic monomer and polymer peaks. 
 
Sequential addition. 1 ml of styrene was polymerized in solvated electrons (6 ml) by direct 
injection (monomer-initiator ratio = 20). After 8 minutes, 1 ml of methyl acrylate was 
introduced, turning the solution from red to light yellow in color. After 25 minutes, another 1 
ml of methyl acrylate was charged into the solution. The reactants were then quenched in 
methanol after 1 hour. 
 
Calculating kp. Assuming an addition polymerization and all of the solvated electrons 
introduced into styrene initiates polymerization, we can estimate the rate of change of 
monomer concentration as;3 
𝑑𝑀
𝑑𝑡
= 𝑘𝑝[𝑀][𝐼] 
Whereby 4 is the monomer concentration, t is time, [I] is initiator concentration and kp.  
Calculating Δδ. The difference in Hansen solubility parameters or the solubility parameter 
distance (Ra) is given by,5 
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∆𝛿 = √4(𝑑𝐷1 − 𝑑𝐷2)2 + (𝑑𝑃1 − 𝑑𝑃2)2 + (𝑑𝐻1 − 𝑑𝐻2)2 
dD, dP, and dH are the dispersion, polar and hydrogen bond components of the Hansen solubility 
parameter. 
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CHAPTER 3.    RAPID ONE-STEP SYNTHESIS OF COMPLEX-ARCHITECTURE 
BLOCK POLYMERS USING INDUCTIVELY ‘ARMED-DISARMED’ MONOMER 
PAIRS 
We report a facile method for rapid, room temperature synthesis of block copolymers (BCP) of complex 
morphology hence non-traditional spherical assembly. The use of solvated electrons generates radical 
anions on olefinic monomers, and with felicitous choice of monomer pairs, this species will propagate 
bi-mechanistically (via radical and the anion) to form BCPs. Molecular weight of the obtained BCP 
range from Mw=97,000-404,000 g/mol (PDI= 1.4-3.0) depending on monomer pairs. The composition 
of the blocks can be controlled by changing monomer ratio, with the caveat that yield is affected. 
Detailed characterization by 2D nuclear magnetic resonance spectroscopy, differential scanning 
calorimetry and analysis of the mechanisms involved indicate the structure of obtained block 
copolymers to be a triblock with a complex central unit. Evaluating trends in the Hammett parameter 
segregates monomer pairs into ‘armed- and disarmed’ groups with respect to the radical or anionic 
polymerization akin to oligosaccharides synthesis. 
This chapter was modified from an article published in Macromolecular Rapid Communications. 
(Chang, B. S.; Oyola-Reynoso, S.; Cutinho, J.; Thuo, M. M., 2018, 39, 1800026) 
 
3.1 Introduction 
Utility of block copolymers have emerged in various sectors including the production 
of thermoplastic elastomers, optical materials, viscosity control, soft lithography and 
polymer surfactants.1 More recent applications include photovoltaics, holography, and 
stimuli responsive materials.2 Due to their diverse role as functional materials, coupled with 
potentially new applications, demands are on the rise.1 More recently, developments in block 
copolymers that form non-traditional assemblies has garnered significant interest following 
the discovery of neoteric complex ‘quasicrystal-like’ structures.3-8 These non-traditional 
phases are stabilized by the presence of large spherical domains, which can be achieved via 
conformational asymmetry, chain architecture or non-uniform chain length.9-13 Such massive 
periodic patterns, with unique phases, have potential applications as photonic crystals if 
larger blocks can be synthesized.3 Only a few copolymer systems have, however, 
demonstrated complex phases and with significant limitation in polymer size. Synthesis of 
block copolymers often requires stringent reaction conditions, multi-step synthesis,14-15 and 
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slow reaction rates. 16-18 To expand the library of block copolymers, facile and efficient 
techniques are desired. Radical anions offer attractive advantages for copolymerization due 
to the versatility of both active groups, albeit, difficult to stabilize. 
 
Figure 1. a) Bi-mechanistic block copolymer polymerization through radical anions, leading 
to complex self-assembly. b) Kinetics of polymerization of styrene-methyl methacrylate 
mixture (7:3 molar ratio) by solvated electrons at ambient temperature. 
 
Solvated electrons (esol-) can generate radical anions upon reaction with olefins.19 The 
esol- are, however, underutilized in polymerizations largely due to a prevailing dogma that the 
radical component dimerizes (Figure 1a),20 leading to misguided subsequent work.21-25 We, 
however, established the importance of monomer solubility/polarity on the resulting 
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mechanism, whereby non-polar monomers promote radical anion propagation, hence, the 
activated monomer concentration, [M]*, is kept low (Figure 1a).26 We infer that 
copolymerizing a mixture of non-polar and polar monomer should; i) activate as radical 
anions, ii) polar monomer should selectively polymerize via anion, and iii) random 
polymerization of both monomers via the free radical should occur. Herein, we demonstrate 
that i) radical anions can be used as a  bi-mechanistic approach for selective 
copolymerization; ii) rapid one-step synthesis of block copolymers at room temperature, iii) 
non-traditional self-assembly of the resulting polymer, and iii) ‘armed-disarmed’ concept in 
radical anion copolymerization.27-29 
 
3.2 Results and Discussion 
Styrene-methyl methacrylate (MMA) pair at 7:3 molar ratio (selected based on 
convenient conversion and block sizes, see Figure 3 & Figure S15) was polymerized to give 
an isolated block copolymer composed of ~80% polystyrene (Mw ~138,000 g/mol, PDI = 1.9) 
albeit with concomitant homo-polymerization (see Supporting Information for experimental 
details). We infer that the anion selectively reacts with the more electrophilic MMA (consistent 
with literature30-31) while the free radical, albeit less selective, primarily polymerizes styrene 
especially with rapid stoichiometric changes and diffusion limitation (due to depletion of 
MMA). We hypothesize that this could result in a partial random segment in between the two 
blocks (Figure 1a). Such architecture would mediate enthalpy-driven interactions between the 
two blocks, leading to non-conventional assembly of this block polymer. Upon annealing and 
staining (with RuO4) a film of this polymer, we observed spherical domains via scanning 
electron microscopy (Figure 1a, right corner), that are largely PMMA. The size of the PMMA 
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domains are polydispersed and their arrangement in space do not correspond to any reported 
morphologies of PS-PMMA block polymers.32-33 The polydispersity of the domains correlates 
well with the PDI of the polymer. We infer that anisotropy of the domains coupled with the 
random segment in between both blocks, contribute to the complexity of the observed 
structure. 
Tracking the kinetics of copolymerization (through conversion of the monomers) of the 
7:3 styrene-MMA mixture (Figure 1b), we observed rapid radical anion polymerization that 
asymptotes within 10 seconds. Conversion of MMA rapidly saturates as expected from anionic 
polymerization.34 Although styrene asymptotes at 13% conversion due to termination of the 
free radicals, the block copolymers produced are predominantly PS because of homo-
polymerization of MMA.  This is induced by dianions generated upon dimerization of a 
fraction of the radical anions (discussed in later sections). Besides linear polymers, we also 
observed rapid gel formation from the copolymerization of styrene with diolefins such as 
divinyl benzene and isoprene, consistent with the degree of polymerization rates in Table S1. 
Multiple degradation events from TGA confirms cross-linked nature of the products (further 
characterization is provided in the Supporting Information, see Figure S2-S5). 
 
3.2.1 Role of solvation/de-solvation in copolymerization 
In our previous work26, we inferred that non-polar monomers reduces the rate of esol
- 
de-solvation leading to lower [M]*. To emphasize that the successful incorporation of styrene 
is due, in part, to slower de-solvation rates, and not competition between the two types of 
monomers for the initiator, we copolymerized 1:1 MMA with methyl acrylate (MA). The 
polarity of both monomers is closer to HMPA (Hammett parameters; Sty = -0.01, MMA = 
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0.28, MA = 0.45, HMPA = 0.40*) than styrene. A greater competition for the initiators between 
the two monomers should ensue. The more electrophilic monomer (MA) was almost 
exclusively (98%) polymerized consistent with our electron de-solvation theory, whereby both 
monomer have electron poor vinyl groups and good solubility in HMPA (solvent shell), which 
leads to a high de-solvation rate—undesirable for radical anion polymerization due to 
dimerization. Rapid dimerization of the unpaired electrons was confirmed via electron spin 
resonance (ESR) spectroscopy (Figure 2a). First, an ESR peak (with associated characteristic 
hyperfine peak splitting 3.7 G, corresponding to that of the styrenic -C35) was observed in an 
initiated styrene-MMA mixture. This result supports our structure-based inference that the 
radical does not dimerize under these conditions. In contrast, no peak was observed for MMA-
MA pair (Figure 2a) confirming radical dimerization. 
 
3.2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 
Further characterization using 2D NMR was employed to verify the presence of a block co-
polymer and elucidate its chemical structure. Key through-bond spin coupling were observed 
confirming the formation of block copolymers (Figure 2b-c, Figure S6-S10). From HMBC 
(Figure 2b), methylene bridge carbons from PS and PMMA (13C NMR; 40.5 & 45.1 ppm) 
displayed coupling with the same methylene protons at 1.64 ppm (Figure 2b), which are not 
present in the HMBC of the homo-polymers (Figure S6). Furthermore, through-bond coupling 
between the methine bridge proton of PS (1H NMR; 2.25 ppm) and PMMA methylene bridge 
carbons (13C NMR; 45.1 ppm) further validates the co-polymerized nature of the chains. 
Finally, formation of blocks is validated by DOSY (Figure 2c), whereby a single diffusion 
coefficient was obtained (D≈10-7) albeit, with stray peaks that likely correspond to homo-
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PMMA chains, which originate from dianion polymerization. Due to the complexity in the 
architecture of the chains, coupled with the differences in sizes and solubility between the 
blocks, an alternative origin of these peaks could be due to anisotropic/asymmetric relaxation 
of the PS and PMMA blocks. 
 
Figure 2. a) Electron spin resonance (ESR) spectrum of propagating PS-co-PMMA and 
PMMA-co-PMA initiated by solvated electrons. b) Hetero multiple-bond correlation 
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spectroscopy (HMBC) and c) Diffusion ordered spectroscopy (DOSY) of PS-b-PMMA (70% 
styrene). 
3.2.3 Effect of Monomer Composition 
Analysis of polymerized products at various monomer compositions, as expected, led to 
increase in proportion of co-polymerized MMA since kMMA>kstyrene (Figure 3a, red dash-dot 
line). This observation is in agreement with Li initiators.36 A common challenge with 
copolymerization is the competing homo-polymerization (i.e. r1=k11/k12≠0), hence the ideal 
co-polymer (dotted diagonal line, Figure 3a) is not always obtained. Solubility differences can, 
however, be utilized in their separation. Exploiting this difference between PMMA and the co-
polymer, extraction with acetonitrile removed any traces of homo-PMMA and/or PMMA-rich 
units. Significant composition changes were observed, leading to a styrene-rich co-polymer 
(Figure 3a, black solid line). These results demonstrate that the co-polymer composition can 
be tuned by changing the monomer ratios, a key characteristic of co-polymerization. 
From the re-precipitated product, polystyrene (PS) appears to be the dominant block 
indicating that a significant amount of PMMA homo-polymers (or PMMA rich chains) were 
produced even at 90% styrene conversion. This inference is further supported by DSC data, 
which show that a large and broad Tg peak from 50-100°C disappear after re-precipitation 
(Figure S12-S14). We infer that copolymerization of styrene and MMA follows these 
preceding steps; i) solvated electrons selectively initiate the more electrophilic MMA, 
producing radical anions ii) MMA is selectively polymerized by the anion while the less 
selective free radical randomly polymerizes both monomers. iii) The faster rates of anionic 
polymerization lead to rapid depletion of MMA and forcing the free radical to primarily 
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polymerize styrene, which forms the PS block. iv) A fraction of the radical anions dimerizes to 
form the MMA selective Szwarc dianion and propagate into homo-PMMA chains. 
 
 
Figure 3. a) Copolymerization of styrene and methyl methacrylate at varying compositions 
(mol %) measured by 1H NMR. b) Copolymerization of styrene paired (50:50) with selected 
monomers of increasing electrophilicity, namely isoprene, benzyl methacrylate, methyl 
methacrylate, methyl acrylate and acrylonitrile. The exponential decay fitting serves as a guide 
to the eye. 
56 
 The conversion of MMA practically goes to completion at all compositions, which 
supports the observation that MMA is first initiated and subsequently undergoes rapid 
polymerization via radical anion. On the other hand, the conversion of styrene (Figure S15) 
increases linearly with concentration, although it remains below 50%. This is expected because 
higher styrene concentration promotes free radical polymerization but without appropriate 
transfer agents, this active group readily undergoes termination.29 The yield of the obtained 
block copolymer increased with styrene concentration (Figure S17), indicating that the 
formation of the copolymer is correlated to the incorporation of styrene via free radicals. This 
is also supported by increase in skewness in the molecular weight distribution (higher skewness 
indicates slower de-solvation rate26, 37 or higher radical propagation) with increasing styrene 
concentration (Table 1). Differential scanning calorimetry experiments confirm the block 
nature of the reprecipitated products and glass transition (Tg) temperatures (Figure S14) agree 
with the molecular weight data in Table 1. 
 
Table 1. Molecular weight of synthesized block copolymers 
Samplea) 
Mw 
[kDa] 
PDI 
 
Skewness 
 
50% PS-PMMA 65.7 1.6 0.3 
60% PS-PMMA 96.7 1.5 0.8 
70% PS-PMMA 138.6 1.9 0.9 
90% PS-PMMA 97.5 1.4 0.8 
50% PS-PBnMA 34.3 1.8 0.0 
50% PS-PI 404 3.0b) 1.2 
a) Initial monomer composition; b) Mixture of homo- and block copolymer. 
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3.2.4 Effect of Monomer Electrophilicity 
For styrene to be copolymerized in a mixture with more electrophilic monomers e.g 
acrylates, the survival of the free radicals is essential. This hinges on lowering the de-solvation 
rate of the esol-. To understand the role of monomer electrophilicity on de-solvation, we 
surveyed copolymerization of styrene and a series of acrylate-based, or analogous, monomers 
over a range of Hammett parameters.38 Figure 3b shows polystyrene conversion with the 
electrophilicity of co-monomer. The conversion of styrene was observed to decrease with 
increasing Hammett parameter of co-monomer i.e. increase in negative inductive effects on 
olefin substituent. We infer that more electrophilic (polar) monomers rapidly de-solvate the 
electrons, leading to dimerization. 
The relationship between monomer solubility and electron de-solvation rate arises from the 
fact that inductive effects directly affect the polarity of the monomer, a component of the 
Hansen solubility parameters. Although Hammett and Hansen parameters are somewhat 
related, they may have different implications on the de-solvation of electrons. To probe this, 
we compared co-polymerization of styrene with MMA to benzyl methacrylate (BMA). These 
two monomers have relatively the same electron withdrawing power on the olefin (based on 
Hammett parameters, σp = 0.28) but significantly different Hansen solubility parameters 
(HSP).39 The conversion of polystyrene from both mixtures were identical (~10%), hence, we 
conclude that inductive effects play a larger role in de-solvating the electrons and associated 
initiation. This is likely due to the ability of polar moieties to disrupt the secondary bonds 
between the electron and solvent molecules – a study beyond this report. 
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3.2.5 Armed vs Disarmed monomer 
The relationship between monomer electrophilicity and solubility leads to a 
comparison of the ensuing process to selective glycosylation where acetylated saccharides act 
as acceptors while the benzylated analogous act as donors.40-42 The strong electron 
withdrawing moiety destabilizes the intermediate oxocarbenium ion, leading to selectivity.43 
Like the acylated saccharides, high Hammett parameter monomers favor reaction via one of 
two mechanisms, due to instability of an intermediate. We introduce this classification for 
brevity and clarity in this otherwise challenging to understand polymerization approach. 
 
3.3 Conclusions 
In conclusion, we demonstrate rapid production of block copolymers that form 
spherical domains with non-traditional assembly. The use of solvated electrons, allows facile 
preparation techniques, which involves one-step and room temperature reactions. This is 
achieved by copolymerizing monomer pairs that promote the survival of radicals and anions 
during initiation, enabling bi-mechanistic polymerization (via free radical and anionic 
polymerization mechanism — two of the most versatile active groups available) yielding 
blocks at each terminal. The block composition is also tunable by changing monomer ratio, 
albeit, at the expense of lowers yield based on our experimental conditions. This can be readily 
improved by lowering initiator concentration, thus, lowering probability of dimerization. 
Finally, selectivity observed in radical anion polymerization can be treated analogously to 
armed-disarmed effects. 
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3.4 Materials and Methods 
Materials. Styrene (>99%), acrylonitrile (>99%), methyl acrylate (99%), methyl methacrylate 
(99%), benzyl methacrylate (96%), isoprene (99%), hexamethylphosphoramide (HMPA) 
(99%), sodium (99.9%) and molecular sieves (4A) were purchased from Sigma Aldrich.  
Measurements. Nuclear magnetic resonance spectra (1H, 13C, HMBC, DOSY) for all samples 
were obtained using Bruker Avance III spectrometer (600 MHz) in deuterated chloroform. For 
the DOSY experiment, 16 scans were taken varying gradient strength from 2 to 95%. All 1D 
NMR spectra were compared to literature where possible. Differential scanning calorimetry 
(DSC) was performed using TA Instruments Q2000 (10 °C/min). Electron spin resonance 
spectra was obtained using Bruker ELEXYS E580 FT-EPR. Gel permeation chromatography 
(GPC) was performed on a Shimadzu Prominence with chloroform as the solvent at 40 °C and 
1 mL/min flow rate. 
 
Experimental. Schlenk techniques were coupled with cannula transfer as developed by 
Whitesides and coworkers24 were applied for the following reactions. 
Schematic 1 
Preparing solvated electrons. A three-neck flask (500 ml) was flame dried using a propane 
burner and quarter filled with molecular sieves. Two exits were capped using rubber septa 
while the remaining exit was attached to a ground-glass gas valve connected to a Schlenk line. 
The valve was first left in an open position while the flask was heated above 300°C (infrared 
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thermometer) with a propane burner. Vacuum was then applied from the Schlenk line while 
the flask was heated for ca 30 minutes. The flask was gradually back-filled with ultra-high 
purity (UHP) N2 (also from the Schlenk line) after cooling to room temperature. Using a 
syringe, hexamethylphosphoramide (HMPA) was charged through the rubber septum.  HMPA 
was dried for 48 hours before using in the following procedures.  
A separate three neck flask (50 ml) containing a magnetic stir bar (Schematic S1) was capped 
with a rubber septum in the middle exit and ground-glass gas valves on the other 2 exits. 
Through the Schlenk line, a stream of UHP N2 was applied into the flask while it was flame 
dried using a propane burner. The stream of N2 was allowed to flow until the flask cooled to 
room temperature. 0.015g of Na was cut with a razor and then thoroughly rinsed with hexanes 
to remove oil and then it was placed into the flask by removing one of the glass valves while 
N2 flow is maintained. The glass valve was quickly placed back onto the flask and both valves 
were subsequently closed. The flask was then charged with 10 ml anhydrous HMPA and the 
contents were rigorously mixed by the magnetic stirrer.  
Schematic 2 
Preparing monomer. A column of Celite was used to remove inhibitors/stabilizers from the 
monomers.25 Another three-neck flask (containing a stirrer) with its middle exit capped with a 
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septum was assembled with a graduated addition funnel and a ground-glass gas valve 
(Schematic 2). The setup was flame-dried using a propane burner, then allowed to cool to room 
temperature with a constant stream of UHP N2. Monomer mixtures were first pre-mixed in a 
vial accordingly, and subsequently 2 ml of the mixture is charged into the flask using a syringe. 
Synthesis. A cannula was first flame dried and then inserted into the flask in Scheme 1 
(Solvated electron flask) while a stream of N2 was allowed into the flask. The cannula was then 
flame dried again, this time with N2 flow. The other end of the cannula was then inserted into 
the septum of the graduated addition funnel in Schematic 2 (Monomer flask). The glass valve 
in Schematic 2 was subsequently open to relieve the internal pressure. The cannula (Solvated 
electron flask) was then immersed in the blue solution and immediately the glass valve in the 
monomer flask is closed. Blue solution is now transferred onto the graduated funnel from the 
solvated electron flask due to internal pressure from the N2 stream. 2.5 ml of solvated electrons 
was measured and the glass valve on the monomer flask is immediately closed as the cannula 
is removed from the septum. The blue solution is then allowed into the monomer mixture by 
turning the valve on the graduated funnel. The monomer mixture is rigorously mixed using the 
magnetic stirrer. The reaction ran for 30 minutes and then aliquots were taken for conversion 
NMR measurements before the contents were quenched in excess methanol. The products were 
subsequently reprecipitated in methanol to remove HMPA. Finally, block copolymers were 
isolated by reprecipitation in acetonitrile. 
Kinetics experiment. A 70% styrene – 30% methyl methacrylate solution was polymerized 
using the procedures above. Aliquots were withdrawn from the polymerizing reaction at 10, 
40, 130 and 330 seconds into the reaction using a flame-dried syringe. The aliquot was 
immediately quenched in chloroform-D containing 5% methanol-D at ambient conditions 
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followed by NMR analysis. Conversion was calculated by comparing integrals between 
characteristic monomer and polymer peaks. 
 
Hammett parameters 
The Hammett parameter, σp of the monomers are taken as the moieties attached to the olefin 
group. σp of HMPA is estimated by taking a hypothetical group attached to phosphorous 
assuming the following structure, PO(N(Me)2)2.
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Molecule Hammett parameter, σp 
Styrene -0.01 
Isoprene 
0.05 
Methyl methacrylate 
0.27 
Benzyl methacrylate 
0.28 
Methyl acrylate 
0.45 
Acrylonitrile 
0.66 
Hexamethylphosphoramide (HMPA) 0.40* 
 
Controlled polymerization. A 95% styrene – 5% methyl methacrylate solution was 
polymerized using the procedures above. 0.1 ml of methyl methacrylate was then sequentially 
added into the flask at 10 minute intervals. The data is presented in Figure S17. 
Scanning electron microscopy. PS-PMMA block copolymer (synthesized from 7:3 styrene-
MMA monomer mixture) was first cast onto silicon wafer and thermally annealed for 20 hours 
at 180°C. The wafer was then placed in a petri dish, directly facing RuO4 solution, for staining. 
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Secondary electron images were collected using a Hitachi SU4800 FE-SEM (Accelerating 
voltage: 1 kV). 
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CHAPTER 4.    COORDINATION POLYMERS BY HETEROGENEOUS METAL-
LIGAND REACTION (HETMET) 
The advent of nanostructured and two-dimensional materials has motivated a myriad 
of application such as in medicine, catalysis, adsorption, separation, storage, optics, sensors, 
and heat-transfer among others. Coordination polymers are ideal synthons in creating 
nanostructures, however, conventional methods of synthesizing them are often not amenable 
to scale-up due to challenges in kinetics and cost. Herein, we demonstrate a non-traditional, 
frugal approach for the synthesis of 1D coordination polymers by Heterogeneous in situ 
Metal/Ligand reaction (HetMet) to give high aspect ratio 3D soft crystals. Gallium 
coordination polymer are used as the case study to demonstrate this synthetic approach. 
Eutectic gallium-indium is used as the reservoirs for metal ion, while acetic acid supplies the 
etchant protons and the conjugate base, which serves as the ligand to give an 1D [Ga(μ-
OH)2(μ-O2CCH3)]n polymer that assembles into a ‘beam-shaped’ structure known here as 
nanobeams. Heat treatment of the nanobeams yields porous gallium oxide beams whose size 
and porosity can be tuned by varying the reaction time and processing temperature. The 
resulting porous oxide displayed the highest reported conversion rate of CO2 to CO among 
non-enzymatic semiconductor catalysts. Nanobeams were also observed to shape shift under 
anisotropic degradation. Finally, we demonstrate that this facile method for synthesis of 
coordination polymers and porous oxide materials can be extended to other metal reservoirs 
and/or organic ligands. 
 
 
4.1 Introduction 
 Nanostructured materials and their synthesis has garnered significant interest over the 
last few decades. This endeavor is fueled by the myriad applications of these materials in 
diverse fields such as medicine, catalysis, separation, gas storage, optics and insulation, among 
others.1-3 In particular, 2D materials such as graphene and other van der Waals hetero-
structures have received considerable interest due to tunability of their properties, and 
unparalleled ability to form highly functionalized surfaces.4-8 Significant challenges in 
fabrication often render the cost of nanostructured materials impractical for widespread 
applications. Alternatively, 2D nanostructures based on coordination polymers have been 
developed.9-11 Coordination polymers are known to produce a variety of nanostructures but 
synthesis of such materials largely rely on solvent induced precipitation and solvothermal 
68 
methods,12 in which steady-state kinetics—a key tenet in controlled polymerization, are 
impossible. Thus, the search for green and scalable synthetic routes remains an active 
endeavor.13 Herein, we demonstrate a soft chemistry, water-based method for producing 1D 
coordination polymers from metal droplets, known as Heterogeneous in situ Metal/Ligand 
reaction (HetMet) (Figure 1a). Our approach exploits: i) presence of a passivating oxide layer 
and ability of liquid metal surfaces to undergo plastic deformation, hence, reconstruct upon 
etching of the passivating layer, ii) potential of liquid metal droplets to serve as versatile metal 
ion reservoir in coordination polymerization, iii) kinetically resolved selective oxidation of 
metal alloy components leading to dominance of the surface by most reactive component,14-16 
iv) the ability of a conjugate acid-base pair (H3O
+ and RCOO-) to serve as an etchant and a 
ligand respectively, v) controlled solubility (GM) and equilibrium (Le Chatelier’s principle 
and common ion effect) to maintain steady state kinetics, vi) in situ ligand-directed 
polymerization-induced self-assembly (PISA), vii) control over the primary coordination 
sphere to direct inter-chain secondary bonding hence tune the PISA process, viii) 
Stoichiometry driven two-metal chelation by the conjugate base, and ix) selective ablation of 
the hydrocarbon to create a mesoporous high-aspect ratio nanostructured metal oxide. By 
maintaining the assembled material in solution, ad infinitum polymer growth is expected, 
hence, a versatile approach to high aspect ratio materials. This approach allows control over 
the dimensions of the structure, thus, potential to tune material properties.17 Gallium ions—
derived from eutectic gallium indium (EGaIn)—are used as a proof of concept, in part due to 
challenges in synthesis of nanostructured gallium oxide18-23 and its potential applications.2, 20-
21, 24-25 Mesoporous gallium oxide, for example, has shown high catalytic activity for selective 
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photo-reduction of CO2.
26-27 Gallium oxide is also an important material for large bandgap 
(4.8-4.9 eV) semiconductors.28-29 
 
 
Figure 1. Heterogeneous in situ Metal/Ligand reaction (HetMet) for coordination polymer 
(nanobeam) synthesis. a) Schematic of coordination polymer (nanobeam) formation from self-
assembly of metal complex, which are produced by reaction between acid and metal particles. 
b-c) Scanning electron micrographs showing the morphology of the nanobeams, which consist 
of stacked layers along the growth (d1) direction. 
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4.2 Results and Discussion 
4.2.1 Synthesis of Coordination Polymer ‘Nanobeams’ by HetMet 
Core-shell EGaIn particles (synthesized via the SLICE method30) were etched with 
aqueous acetic acid in ambient conditions. Dissolution of the oxide layer from the EGaIn 
reservoir results in a high concentration of Ga3+ ions31 that chelate with the conjugate base to 
an acetate complex. A stoichiometric imbalance in the acetate-Ga3+ ratio necessitates 
coordination of the ligand to two metal centers. Under equilibrium steady-state concentration, 
the reservoir-assisted reaction generates a 1D polymer chain (Ga-Acetate based polymers are 
known to produce 1D chains)32 whose solubility, akin to the metal ions, significantly decreases 
with increased growth. Ligand-directed in situ polymerization induced self-assembly (PISA) 
ensues, leading to precipitation of the growing chains into high-aspect ratio nanobeams. 
Polymerization directs growth of the nanobeams in one direction (say X-direction), while the 
growth in other dimensions are driven by asymmetry in anti-periplanar moieties (i.e. XY vs 
YZ Cartesian planes) across the coordination center. Control over the 3D structure of the 
nanobeams can, therefore, be achieved by controlling the duration of reaction and changing 
the structure of the monomer (ligand and metal ion). Furthermore, ad infinitum polymerization 
should maintain chain growth if monomers are present, thus achieve complete conversion 
analogous to ‘living polymerization’ in organic polymers. Growth rate, however, depends on 
surface area of the metal (particle size) and acid concentration. We observe typical yield of ca 
95%, in a period of 4 days. Figure 1a illustrates the three-step synthesis of self-assembled 
coordination polymers. Ligands L1 (perpendicular) and L2 (planar) are bridging acetate 
(OC2CH3) and hydroxyl (OH) ligands based on the composition of our solution. According to 
this structure, hydroxyl and acetate groups are expected to form secondary interactions in the 
d2 and d3 directions which dictates the materials’ shape. 
71 
4.2.2 Physical Characteristics of Nanobeams 
The isolated materials show rectangular beam-like structures- so called nanobeams 
(Figure 1b). The nanobeams appear as layers stacked in the lateral direction, yielding 
dimensions of approximately 20 µm in length and 2 µm width. The beams bend under low load 
(Figure 1b), which indicates that the layered structure is held by weak intermolecular 
interactions33. Fractures can be observed to predominantly propagate along the longest (d1) 
axis (Figure 1c). 
 
4.2.3 Characterization of nanobeams 
Binding energies obtained from X-ray photoelectron spectroscopy (XPS) (Figure 2 a-
c) indicate that the nanobeams contain carbonyl carbon (288.9 eV), Ga3+ cations (20.7 eV) and 
oxygen (532 eV)–we intentionally disregard the sp3 carbon due to potential presence of 
adventitious carbon. The composition of the nanobeams corroborate with energy dispersive x-
ray spectroscopy (EDS) data.14 Infrared (IR) spectroscopy (Figure 2d) indicates a sharp peak 
at 3662 cm-1, which is characteristic of highly ordered O-H groups.34-35 To validate presence 
of ordered -OH moieties, nanobeams were grown in D2O. The OH signal shifted to 2700 cm
-1 
on deuteration, corresponding to the expected H2O to D2O spring constant changes (1.347
36). 
This isotope effect supports the presence of O-H’s in the nanobeam structure. A comparison 
between IR spectrum of nanobeams and sodium acetate is provided in Figure S5. Powder X-
ray diffraction (PXRD, Figure 2e) shows the periodic structure of the nanobeams. Intense sharp 
peaks from WAXS are observed at low 2 corresponding to large interplanar spacings (~3 Å) 
while broad peaks in SAXS signify periodic length scales at 3 – 4 nm, which are attributed to 
layered structure observed in SEM (Figure 2f). 
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Figure 2. Characterization of nanobeams. a-c) X-ray photoelectron spectroscopy (XPS) 
showing that the material consists of carbon, oxygen and gallium. d-e) Infrared (IR) 
spectroscopy of nanobeams grown in water and deuterium oxide. f) Wide angle X-ray 
scattering (WAXS) patterns indicating a periodic structure with high intensity peaks at lower 
angles (large lattice spacing). Inset shows small angle X-ray scattering (SAXS), whereby 
scattering peaks at 0.15 – 0.2 Å-1 indicate length scales between 3 - 4 nm. 
 
4.2.4 NMR-Based Molecular Structure 
To deduce the molecular structure of the nanobeams, we applied solid-state 1H, 2H, 13C 
and 71/69Ga magic angle spinning (MAS) multi-nuclear magnetic resonance (NMR) 
experiments.37 The MAS 1H solid-state NMR spectrum of nanobeams (MAS frequency = 50 
kHz) is shown in the upper part of Figure 3a, and depicts a single peak with an isotropic 
chemical shift of ca. 1.9 ppm, which corresponds to the methyl groups of acetate. The presence 
of acetate is further confirmed by the 1H-13C HETCOR NMR spectrum which shows peaks at 
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24.5 ppm and 179.0 ppm. The 1H chemical shift of the hydroxyl groups and acetate methyl 
protons are coincident, and this is demonstrated by 2H solid-state NMR experiments on 
nanobeams grown from D2O (details provided in the Supporting Information). A proton 
detected 1H-13C dipolar HETCOR spectrum (Figure 3b) confirms presence of acetate in the 
nanobeams, and the presence of only one set of 13C signal suggest that all acetate ligands within 
the lattice are equivalent and likely bound to Ga. Figure 3c shows static (i.e., stationary sample) 
and MAS 71Ga SSNMR spectra of nanobeams. Paired with static 69Ga SSNMR, accurate 
electric field gradient (EFG) and chemical shift (CS) tensor parameters from simulations of the 
experimental spectra (Table S1) were obtained. These results suggest that all Ga sites within 
the nanobeam lattice are equivalent and the repeat unit is a highly distorted 6-coordinate 
coordination environment (additional details and discussion of solid-state NMR experiments 
in the Supporting Information). Finally, a 2D 1H-71Ga constant time D-HMQC dipolar 
correlation spectrum directly confirms spatial proximity of Ga to the acetate and/or hydroxyl 
ligands (Figure 3d).37-38 Details of the calculations are provided in the supporting information. 
Inductively coupled plasma mass spectroscopy (ICP-MS) and atomic emission spectroscopy 
(ICP-AES) indicates that EGaIn-derived nanobeams contain up to 7% indium atoms compared 
to those derived from pure gallium, which indicates potential control over doping of the 
coordination polymer by alloying the metal reservoir. Thermogravimetric analysis (TGA) in 
oxidizing environment gives ca. 50% gallium oxide which translates to ~43% Ga content by 
weight (Figure 4a). Collating all characterization and composition data (NMR, IR, XPS, TGA, 
XRD and DSC), we determined the most probable structure of the nanobeams to be a 1D chain 
consisting of [Ga(−OH)2(−O2CCH3)]n (Figure 3e). 
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Figure 3. Predicting nanobeam structure by solid-state NMR. a) MAS 1H spin echo spectrum 
(upper) and MAS 2H spin echo spectrum of nanobeam. An MAS frequency of 50 kHz was 
used in both cases. The inset shows the whole 2H NMR spectrum and a simulation of the 
sideband intensities. b) Proton detected 2D 1H-13C CP-HETCOR spectrum of nanobeam 
acquired with CP contact times of 2.5 ms. The 13C chemical shifts are indicated. c) 71Ga solid-
state NMR spectra acquired with a 50 kHz MAS frequency (upper set) and a static sample 
(lower set). Analytical simulations (red trace) are overlaid on the experimental spectra (black 
traces). d) 1H-71Ga D-HMQC correlation spectrum acquired with an MAS frequency of 50 kHz 
and super-cycled R41
2
dipolar recoupling applied on 1H. e) Proposed molecular structure of 
nanobeams. 
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4.2.5 Effect of acid concentration on coordination polymer growth 
Based on the proposed mechanism, changing the coordination environment of the metal 
should modify the chain structure and subsequently, morphology of the coordination polymer. 
Thus, we performed the reaction under different concentrations of acid, which acts both as the 
etchant and ligand chelated to the metal. Products from higher acid concentrations (>50%) 
appear as smaller analogs of nanobeams while low concentration (1%) produces needle-like 
bundles (Figure 4a-b). PXRD confirms the 1% grown material to be GaOOH, while samples 
in >50% acid adopt a crystal structure with larger d-spacing compared to nanobeams (5%) 
(Figure 4c). This structure matches a previously reported 1D Ga chain with different ligand 
stoichiometry, [Ga(−OH)(−O2CCH3)2]n.32 We infer the change in structure results from Ga 
ions becoming more populated with acetate ligands at higher acid concentrations. The 
nanobeam length developed most prominently in 5% Ac indicates that nucleation was 
occurring more frequently in the case of 50% Ac, given that in both cases the metal was fully 
converted (Figure 4d). The change in coordination environment is validated by solid-state 
NMR, whereby additional acetate groups are observed to couple with Ga ions (Figure 4e-f). 
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Figure 4. Effect of acid concentration on coordination polymer growth. a) 5% and b) 50% 
acetic acid. c) Powder diffraction of materials grown in various acid concentration. d) 
Nanobeam length as a function of time.  e) Proton detected 2D 1H-13C CP-HETCOR and f) 
1H-71Ga D-HMQC correlation spectrum of nanobeams grown in 50% acetic acid. 
 
4.2.6 Synthesis of Mesoporous Gallium Oxide by Heat Treatment of Nanobeams 
The nanobeams were heat treated to synthesize mesoporous Ga2O3, while gaseous 
byproducts of the degradation were analyzed via coupled thermogravimetric analysis-infrared-
mass spectroscopy (TGA-IR-MS), and differential scanning calorimetry (DSC). The primary 
products of degradation were determined to be CO2, CO, H2O and small amounts of acetic 
acid. The empirical formula derived from the mass loss agrees with NMR and IR data (Figure 
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3e). Mass loss primarily occurs in 2 steps from 188-240 °C, and 240-440°C (Figure 5a). 
Powder XRD (wide angle) shows that upon heating the pristine material between 200-600 °C, 
conversion to an amorphous material occurs. Additional heating up to 800 °C produces 
crystalline β-Ga2O3 (SSNMR Figure S6). The mass loss (ca. 50%) in the nanobeams upon heat 
treatment correlates with the decline in the acetate C=O IR absorption peak (Figure 5c). A 
significant increase in pore volume (pore size ~ 4 nm), is concomitantly observed albeit with 
a gradual decrease at heat treatments above 300 °C — presumably due to sintering (Figure 5c). 
The similarity between pore size and diffraction length scales from SAXS suggest that these 
pores are located between stacked layers within the nanobeams (Figure 2f). 13C spin echo 
suggest the formation of graphite after heat treatment due to inability of calcination to fully 
remove carbon.39 SEM micrographs (Figure 5d-e) of the heat treated nanobeams depicts a 
highly porous structure, which retains its original beam-like shape. Parallel layers can be 
clearly observed from inset in Figure 5d. The inset in Figure 5e shows a sponge-like pore 
structure within the nanobeam. Transmission electron micrographs (Figure 5f) corroborate 
with the SEM findings, confirming a layered porous structure throughout the material. Finally, 
electron diffraction experiments (inset Figure 5f) confirms the identity of the porous nanobeam 
to be β-Ga2O3. 
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Figure 5. Fabrication of mesoporous oxide photocatalyst. a) TGA-IR-MS-DSC analysis of the 
gaseous products from heat treatment of nanobeams up to 800 °C. b) Selective photoreduction 
of CO2 to CO by nanobeams heat treated at 800°C. (Catalysts: 50 mg) c) Correlation between 
mass loss, acetate groups and pore volume of heat treated nanobeams. d-e) SEM of nanobeams 
after heat treatment (800°C). f) Corresponding TEM micrograph and electron diffraction. 
 
4.2.7 Coordination polymers from various metals and ligands 
To highlight the expandability of this method, we synthesized coordination polymers 
from various metals and ligands (Figure 6). The morphology of the polymer depended 
significantly on the structure of its metal complex and their most favorable configuration—an 
important feature in this technique as a result of steady-state kinetics. 
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Figure 6. Coordination polymers synthesized from different metals and ligands. 
4.3 Conclusion 
We demonstrate the Heterogeneous in situ Metal/Ligand reaction (HetMet) method as 
an ambient, water-based approach to synthesizing 1D coordination polymer nanobeams that 
exploits metals, with their passivating oxide, to maintain steady state concentration during 
coordination polymerization. The HetMet synthesized nanobeams can be easily converted into 
2D mesoporous oxides with tunable size and porosity by heat treatment. We demonstrate that 
this method can be extended to a variety of other metals and ligands (Figure 6), potentially 
unravelling unprecedented assembly of catalytic materials. The facile nature and adaptability 
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of the reported method extends paradigms or tools in the synthesis of coordination polymers 
and nanostructured materials, which exploits steady-state kinetics (albeit at saturated state) by 
using plastic deformation and passivation on the surface of liquid metal particles. This work 
further addresses the following: 
i) Metal particles as an ion reservoir: In contrast with traditional coordination 
polymer synthesis whereby only limited precursors can be added, we demonstrate 
that metal particles paired with appropriate conjugate base can be used as reservoirs 
for constant supply of metal ions. This allows heat-free, pressure-free and ad 
infinitum growth of coordination polymer chains.  
ii) Molecular structure of Ga-based coordination polymer: Collating physical 
appearance from SEM, thermal degradation by TGA-IR-MS-DSC, isotope labelled 
FTIR and solid-state NMR we determined the structure of the coordination polymer 
‘nanobeams’ to be 1D chain consisting of [Ga(−OH)2(−O2CCH3)]n. 
 
4.4 Methods 
Synthesis of nanobeams. The SLICE method30, which involves breaking liquid metal droplets 
into nano and micron size particles under the effect of shear with concomitant formation of 
gallium oxide-acetate shell, 14, 40-42 was applied to form EGaIn core shell particles. As a general 
procedure, 2 g of EGaIn was placed into a 50 ml solution of acetic acid solution (5% v/v, pH 
= 3.8). The solution was then sheared in a blender (Waring 7010G) for 20 minutes, yielding 
EGaIn core shell particles. The contents were stored in a glass jar and changes in its appearance 
was recorded. After several weeks, the precipitates (nanobeams) are purified by ethanol and/or 
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acetone washes through centrifugation and filtration. Similar procedure was used except water 
was replaced with deuterium oxide for growing D2O nanobeams. 
Instruments. Scanning electron micrographs were obtained using Zeiss Supra55VP field 
emission SEM and FEI Helios NanoLab G3 UC under immersion mode. X-ray photoelectron 
spectroscopy was performed using Thermo Scientific K-Alpha XPS. Infrared spectroscopy 
was performed using Perkin Elmer Frontier FT-MIR spectrometer in attenuated total 
reflectance (ATR) mode. The Rigaku Smartlab X-ray diffractometer was used to perform all 
powder wide angle X-ray diffraction experiments with Cu K-alpha radiation. Small angle X-
ray scattering (SAXS) was performed in vacuo using a Xenocs Xeuss 2.0 set at 2.5 m camera 
length and Cu K-alpha radiation. Thermogravimetric analysis coupled with differential 
scanning calorimetry (TGA-DSC) was performed using Netzsch STA449 F1 at 20°C/min, 
using argon as the purge gas.  UV-vis spectroscopy was performed using an Agilent 8453 
Diode Array UV-Vis, using KCl salt pellets as the substrate. 
TGA-IR-MS-DSC. Thermogravimetric analysis (TGA) coupled differential scanning 
calorimetry (DSC) was performed using using Netzsch STA449 F1 at 20°C/min, using argon 
as the purge gas. The gases evolved were analyzed by Fourier transform infrared spectroscopy 
using Bruker Tensor 37 (liquid nitrogen cooled) and mass spectroscopy using Netzsch QMS 
403D. Samples were heated from 40°C to 800°C, a blank run was performed and subtracted 
from the sample run to compensate for thermally induced mass drift. 
Nitrogen sorption. All sorption experiments were performed using Micromeritics ASAP 2020 
with ultra-high purity nitrogen gas. Samples were first heated in vacuo for 6 hours at 120°C, 
before transferring for analysis. 
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Solid-State NMR Spectroscopy. All solid-state NMR (SSNMR) experiments were performed 
on a Bruker Avance III 9.4 T (400 MHz) widebore NMR spectrometer equipped with a 
broadband 1.3 mm double resonance probe. 
Photocatalytic CO2 reduction reaction. The reactions were carried out under 100 mW/cm2 
AM 1.5G illumination and products were analyzed using a gas chromatograph, which was 
equipped with a TCD, FID and a methanizer coupled with a Ni catalyst.  
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CHAPTER 5.    MECHANICALLY TRIGGERED COMPOSITE STIFFNESS 
TUNING THROUGH THERMODYNAMIC RELAXATION (ST3R) 
Recent developments in smart responsive composites have utilized various stimuli 
including heat, light, solvents, electricity, and magnetic fields to induce a change in material 
properties. Here, we report a thermodynamically driven mechanically responsive composite, 
exploiting irreversible phase-transformation (relaxation) of metastable undercooled liquid 
metal core shell particle fillers. Thermal and mechanical analysis reveals that as the composite 
is deformed, the particles transform from individual liquid droplets to a solid metal network, 
resulting in a 300% increase in Young’s modulus.  In contrast to previous phase change 
materials, this dramatic change in stiffness occurs autonomously under deformation, is 
insensitive to environmental conditions, and does not require external energy sources such as 
heat, light, or electricity. We demonstrate the utility of this approach by transforming a flat, 
flexible composite strip into a rigid, 3D structure that is capable of supporting 50x its own 
weight. The ability for shape change and reconfiguration are further highlighted, indicating 
potential for multiple pathways to trigger or tune composite stiffness.   
 
This chapter was modified from an article published in Materials Horizons. (Chang, B. S.; Tutika, R.; 
Cutinho, J.; Oyola-Reynoso, S.; Bartlett, M. D.*; Thuo, M. M*., 2018, 5, 416-422) 
 
5.1 Introduction 
Interest in synthetic composite materials has garnered significant attention largely due 
to their high specific properties, tunable functionalities, and potential to incorporate advanced 
responsive behaviors.1 Recent advances have largely focused on stimuli-responsive 
composites,2 which exhibit tunable properties when subjected to a specified trigger.3-7 Such 
materials have been applied as sensors, actuators, and platforms for multi-functional devices.8-
17 Mechanically reconfigurable parts are especially critical in soft robotics and analogous 
functional devices, whereby adaptive components are essential for controlled locomotion, 
actuation, stiffness tuning, and as deployable components.18-20 In particular, initially soft 
materials that can dramatically increase in rigidity and be programmed into desired shapes can 
be utilized in fields ranging from soft and bio-inspired robotics to reconfigurable and wearable 
electronics.  Several forms of activation have been applied in responsive composites, and 
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common examples include temperature,21-24 electromagnetic radiation,25 as well as electric and 
magnetic fields.26-28 Mechanically triggered response, although less frequently used, can offer 
important functionalities such as mechanically actuated sensors, self-healing and self-
strengthening. Interestingly, bistable and interleaved structures have been applied to produce 
responsive composites by mechanical and thermal activation.29-32 Mechanical energy has been 
used to rupture particulate fillers leading to self-healing and dissipation of stress to inhibit 
crack propagation.33, 34 More recently, mechanochemically activated polymers that display 
self-strengthening behaviour when subjected to shear forces have been developed.35-40 In 
general, mechanically induced stiffening/strengthening is achieved by triggering 
polymerization or cross-linking of the polymer chains. The application of chemical reactions, 
however, suffers from diffusion and reaction kinetics limitations, and can potentially fail under 
non-ideal conditions (e.g. moiety degradation or presence of adventitious inhibitor). 
 
 
Figure 1. a) Schematic illustration of Stiffness Tuning Through Thermodynamic Relaxation 
(ST3R) in a composite through solidification of the undercooled metal particle fillers with 
concomitant reconfiguration of the material. b) Scanning electron micrograph of Field’s metal 
(FM) undercooled metal particles. c) Fused and solidified particles after mechanical rupture of 
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the oxide shell. d) A sample of flexible undercooled FM particles loaded ST3R composite. e) 
Mechanically reconfigured composite, capable of holding 50x its own weight. f) Energy 
landscape of the undercooled liquid metal relative to its solid counterpart.  
 
5.1.1 Thermodynamics in Design of ST3R composites 
Metastable ULMCS particles of Field’s metal (FM, E ≈ 9.25 x 103 MPa47) and stable 
liquid particles of eutectic gallium-indium (EGaIn) are synthesized using the SLICE method, 
a simple and low cost method of creating liquid metal core shell (LMCS) particles.48 This 
modified emulsification method involves shearing liquid metals in a solution of a chelating 
agent to produce spherical core-shell particles.46, 48 The presence of a thin passivating oxide49, 
stabilized by an organic ligand, on the surface of the liquid particles renders them stable and 
incapable of coalescence.48 Undercooling is achieved by trapping the metal in a disordered 
liquid state (high entropy) while simultaneously eliminating heterogeneous nucleation sites. 
This architecture creates a thermal (Ea, state 1, Figure 1f) and kinetic barrier to solidification 
of the liquid metal (state 1, Figure 1f). Sufficient mechanical deformation fractures the thin 
oxide shell and introduces heterogeneous nucleation sites, hence sufficient activation to 
overcome the Ea (Figure 1f) and initiate solidification and relaxation to the global energy 
minima – the solid state (state 2, Figure 1f). This transition from state 1 to 2 is irreversible (2nd 
law of thermodynamics). In state 2, the material is now comparable to a conventional metal-
elastomer composite albeit with non-spherical fillers.21, 22, 47 Since the SLICE technique 
produces particles with varying sizes, the total number of metal atoms, hence the 
thermodynamic potential, in each particle of a given size is different. A Gaussian distribution 
in particle size (polydispersity) is expected leading to a Maxwell-Boltzmann type energy 
89 
distribution (Equation 1), where energy state degeneracy is unrestricted and depends on 
particle size. 
𝑁𝑖
𝑁
=
𝑔𝑖𝑒
−𝛽′𝜀𝑖
𝑍
    Equation 1 
Where Ni is number of particles of a given size (energy), N is total number of particles, 
z is the normalization constant while εi is the energy of a particle of a given energy (size) in 
energy state (size bin) gi, β’ is the temperature-dependent Lagrangian multiplier. Response of 
ST3R composites upon mechanical activation is, therefore, expected to follow a similar 
distribution, albeit with a drift towards higher modulus as low Ea particles transition under 
lower strain leading to a stiffer dispersed phase. This transition leads to a skewed Maxwell-
Boltzmann distribution in the energy states of the remaining undercooled particles. This 
understanding of thermodynamic potential distribution implies that ST3R composites 
mechanically change in line with a thermodynamic potential landscape that is governed by the 
distribution in the energy states of the undercooled particle fillers that are, in part, dictated by 
their size and propensity for the shell to yield under mechanical stress. 
 
5.1.2 Preparation of ST3R Composties 
Differential Scanning Calorimetry (DSC, Figure S1) and microscopic imaging (SEM, 
Figure 1b) of the particles confirm the liquid core nature of the synthesized particles. DSC 
demonstrates that >90% of the freezing event is centered at 7°C (Tm = 62°C) (Figure S1). These 
particles are incorporated into a silicone elastomer matrix (Dow Corning Sylgard® 184, 10:1 
Base:catalyst ratio. E = 3.65 MPa (Measured)) to form a Field’s metal ULMCS particle–
elastomer composite (ST3R composite). Details regarding ST3R and other composite 
fabrication procedures are provided in the experimental section. 
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5.2 Results and Discussion 
5.2.1 Characterization of the ST3R Composite 
To investigate mechanically triggered phase-change driven stiffness enhancement of 
the composites, we performed tensile tests on pristine and pre-compressed samples (Details on 
the compression procedure are provided in the supporting information, Figure S2). In Figure 
2a and 2b, we show tensile stress-strain curves for pristine (solid line) and pre-compressed 
(dashed line) composites at filler volume fraction,  = 50%, comparing ST3R with two 
similarly prepared control samples of ambient liquid metal (eutectic gallium indium, EGaIn) 
and solid FM particles of comparable dimensions. We observe that the pre-compressed ST3R 
composite shows a significant increase in initial stiffness (Figure 2a), while both EGaIn and 
solid FM particles samples show an insignificant change due to compression. We infer that the 
dramatic increase in stiffness is due to solidification of ULMCS particles, that is; 
transformation of the initially liquid particles into a solid metal, likely with concomitant 
formation of an interconnected network due to inter-particle fusion. ST3R composite in fact 
becomes electrically conductive after compression. The material exhibits a 300% increase in 
Young’s modulus (~80 MPa), significant transition from a flexible low modulus as-prepared 
parent (Figure 2c).  We expect latent heat of solidification to be released into the matrix, 
however, estimated dissipation time based on Fourier’s law indicates that the change in 
temperature would be largely unnoticeable. In contrast, the EGaIn sample fractured upon 
compression while solid FM composites show a statistically insignificant increase in stiffness. 
To confirm differences in mechanical properties of the compressed samples, we subject the 
materials to high stresses, expecting that shape change and network formation will differentiate 
compressed ST3R composite from solid FM samples (Figure 2b). Besides the larger (300%) 
initial stiffness for ST3R, we observed an asymptotic mechanical response prior to yielding, 
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similar to plastic deformation in metals (Figure 2b). The stress-strain curve in Figure 2b 
supports the notion of connected fillers, whereby the networks break as strain is increased, 
leading to the flattening of the stress-strain curve at higher strains. This phenomenon is further 
investigated by varying the volume of filler (Figure 2d). When = 30%, the pre-compressed 
ST3R and solid FM samples gave comparable modulus (12-15 MPa). At = 50%, however, a 
dramatic change in modulus is observed in the ST3R (Figure 2d). This is consistent with the 
formation of networks whereby a minimum filler volume is required. 
 
Figure 2. a) Stress-strain curve of pristine and pre-compressed = 50% composites at low strain 
(1%). b) Stress-strain curve of pre-compressed = 50% composites (For EGaIn = 30% data 
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is presented as the 50% samples fractured upon compression). c) Comparison between the 
Young’s modulus of pristine and compressed = 50% composite.  d) Young’s modulus (0.2% 
strain) of composites after compression with increasing . e) Normalized complex stiffness 
with increasing cyclic strain of = 22%. composites. f) Normalized skewness in the distribution 
of complex stiffness. 
Since solidification is a stochastic (thermodynamic phase transformation) process, it is 
expected that strain-driven changes in the modulus will lead to significant differences between 
ST3R and analogous composites where no phase change occurs. The change in elasticity 
should, therefore, manifest as an asymmetry in the distribution of complex stiffness leading to 
a unique trend in skewness for the ST3R composite under dynamic stress compared to static 
(non-responsive) analogous composites (e.g. EGaIn, solid FM or glycerol). To confirm this 
inference, we performed dynamic tensile strain on thin rectangular samples (1.0 x 0.5 x 0.1 
cm) at 1 Hz, with increasing amplitudes from 5-15% strain. As expected, ST3R composite 
shows an increase in complex stiffness as strain is increased (Figure 2e), supporting the notion 
of a strain hardening material. We infer that the rise in complex stiffness is a result of partial 
solidification of the undercooled liquid metal, induced by deformation of the composite. In 
contrast, EGaIn fillers show a small initial rise in normalized complex stiffness before a 
decrease as strain is increased. Additional control experiments of solid FM particles, glycerol 
droplets, and PDMS (matrix) further show a decrease in stiffness as strain is increased, 
highlighting the unique behavior of the ST3R (Figure 2e). We also observed a shift in skewness 
of the distribution of complex stiffness (Figure 2f), whereby positive values represent bias in 
the mass of the distribution towards lower stiffness and negative values point towards higher 
stiffness. It is therefore evident that only the ST3R composite displayed a shift towards  higher 
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complex stiffness. Although stiffness is enhanced after mechanical loading, the increase is on 
the order of 10%.  Analysis of the stressed composite samples (DSC) indicates that under these 
experimental conditions, only 14% of undercooled particles solidified after tensile elongation 
(Figure S3) while total solidification was obtained with the compressed samples.  This low 
conversion correlates with modest increase in stiffness, which highlights that stiffness 
transformation is limited in tension and will  not occur under small perturbations. Thus, special 
handling of the composite is not required under our experimental conditions. 
To further explore the effect of compression on metastable particle transformation, we 
performed a series of experiments by varying compressive stress on =50% samples. Young’s 
modulus increases with the compressive stress up to 33 MPa (Figure 3a). Although 68% strain 
was produced, more than half springs back, which resulted in approximately 30% permanent 
deformation (Figure S4-S5). Further increment to 70 MPa leads to a decrease in Young’s 
modulus, which is attributed to damage to the composite as suggested by the transition to 
higher compressive stiffness due to solid dominated deformation (Figure S5). 
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Figure 3. a) Young’s modulus as a function of increasing compression stress for =50% 
samples. Line represents a guide to the eye. b) Normalized fraction of undercooling for =50% 
ST3R composites. c) Cooling curve from differential scanning calorimetry (DSC) of pristine 
and compressed (33 MPa) ST3R composite d-e) Scanning electron micrographs (SEM) of 
pristine and compressed =50% undercooled FM composite in backscattered mode. f) 
Magnified micrograph showing Z contrast within the Field’s metal after compression due to 
spinodal decomposition. The insert highlights point of fusion between different particles with 
these interconnects being stochastically distributed throughout the material. 
Complete solidification was observed even under low compression load irrespective of 
 (Figure 3b-c). This indicates that the continuous rise in Young’s modulus (at low 
compressions) has a structural component in addition to the solidification of the metal, which 
could originate from changes in volume, shape or texture of the solidfied metal and the 
formation of an interconnected network. Further evidence of total solidification is provided 
from scanning electron microscopy (SEM). Evaluating differences in particle shape by SEM 
before and after compression shows uniform spherical particles in the uncompressed sample 
(Figure 3d) while oblong/elongated particles are observed in the compressed samples (Figure 
3e). Solid FM composite in contrast, showed negligible changes in particle appearance (Figure 
S6). Solidification of metallic alloys occurs with concomitant spinodal decomposition and 
hence changes in sub-surface composition. Analyzing contrast in the fillers with SEM using 
an energy selective backscattered (EsB) detector shows uniform contrast in the uncompressed 
sample (Figure S7). Upon compression, however, spinodal decomposition is observed (Figure 
3f) on the metallic phase via Z-contrast of backscattered electrons and differences in elemental 
composition is confirmed (Figure S8) using energy dispersive x-ray spectroscopy (EDS). 
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5.2.2 Reconfigurable Deformation 
As observed in the compressed samples, permanent deformation due to modulus 
changes can be achieved by stressing the material. Figure 4a-b illustrates that the shape of 
ST3R composite is tunable, in this case by twisting a straight sample. The initially compliant 
liquid fillers allow the composite shape to be easily reconfigured. Deformation and reshaping, 
with concomitant solidification, of the metal filler locks the composite in the new 
configuration. The resultant shape is dictated by the distribution of applied stress field. The 
strip retains its new shape after the applied stress is removed (Figure 4b).  
Furthermore, controlled indentation with a blunt object can lead to wells of tunable 
depth (see profilometry of an example, insert Figure 4c). A linear correlation between applied 
force and depth of the wells (Figure S9) shows that the compressive deformation is highly 
tunable with the uniformity of indented regions with increasing compressive stress (Figure S9 
insert). An example of wells holding a liquid while the undeformed portion releases the liquid 
when tilted, is demonstrated in Figure 4c-d. A combination of shaping by twisting/bending and 
compression can also lead to changes in surface topology as illustrated with a slanting strip 
that can also hold water (Figure S10).  
Since the deformed shape is due to solidification, it can readily be reconfigured by an 
inverse phase transformation (melting) as previously shown.21, 22, 43, 47 We demonstrate that the 
first solidification from metastable liquid to solid, ST3R transitions into a typical metal-
elastomer composite (state 2, Figure 1f), whereby its shape can be reconfigured or changed by 
melting the metal filler (supporting information, Figure S11). Under such circumstances, the 
elastomer is locked in place when the metal solidifies as shown in Figure 4e-f. During the 
melting process, the composite can be observed to relax and partially retain its original shape 
due to the elastic response from the matrix (Figure S11). 
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Figure 4. a-b) Twist deformation leading to swirled composite. c-d) Wells formed by selective 
compression. e-f) Reconfiguration of the composite by melting and re-solidifying into a new 
shape. 
 
5.3 Conclusions 
We have developed a mechanically triggered stiffness tunable composite material by 
managing the interplay between thermodynamic relaxation and response of metastable liquid 
metal to mechanical (tensile or compressive) stress. Stiffness change can be selectively 
targeted resulting in the ability to couple material transformation with shape reconfiguration. 
Composites with such capabilities could find unique applications as mechanically adaptive or 
responsive (smart) materials where external sources of energy such as heat or electricity are 
not available. Furthermore, as the metastable particles do not rely on a specific material 
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chemistry, self-stiffening behaviour can be incorporated into diverse materials and applications 
ranging from sensors and functional devices to reconfigurable structures and robotics. 
 
5.4 Materials and Methods 
Materials. Eutectic indium (51%)-bismuth (32.5%)-tin (16.5%) (Field’s metal) was purchased 
from Rotometals. Eutectic gallium (75.5%)-indium (24.5%) was purchased from Sigma 
Aldrich. Slygard 184 was purchased from Ellsworth Adhesives. Ethanol (>99.2%) was 
purchased from Decon Laboratories Inc. Glacial acetic acid (99.7%) was purchased from 
Fisher Scientific. Diethylene glycol (99.9%) was purchased from VWR. 
 
5.4.1 Methods 
Preparing liquid metal core shell particles. The SLICE (Shearing Liquids Into Complex 
Particles) method was applied to produce all the particles used in this work. In a typical 
synthesis, 2.5 g of Field’s metal was placed into a vial containing 5 ml of solvent (diethylene 
glycol containing 5% acetic acid). The vial was then heated using an oil bath at 145 °C. After 
5 minutes, a teflon stirrer attached to a Dremel tool is placed into the vial, making sure that 
contact is made with the molten metal. The solution is stirred with gradual increase from 0 – 
22,000 rpm. The shearing was maintained at this speed for 10 minutes, and the vial is 
subsequently removed from the oil bath with continuous shearing. Once the vial is completely 
out of the oil bath, the speed of the Dremel tool is gradually reduced back down to 0 rpm. The 
resulting grey solution is then filtered and rinsed using ethanol to remove residual solvent. 
Based on inspection by SEM, particle size ranged from 1 – 20 µm. 
Preparing composite. As a general procedure, core shell particles of desired amount were first 
filtered and dried on filter paper, and then added onto premixed (10:1 ratio) Sylgard 184. In a 
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typical preparation, 8 g of Field’s metal undercooled particles are added into 1 g of Sylgard 
184. The mixture is stirred for at least 10 minutes until a homogeneous mixture is achieved 
before outgassing. During this process, it is expected that some undercooled particles might be 
triggered and solidify, however, based on DSC and mechanical data a majority are not affected. 
The same procedure is used for all other fillers. Curing was performed at 100°C for 
approximately 12 hours in a glass mold (4.0 x 4.0 x 0.1 cm) sprayed with mold release 
(Mann®). The composite was subsequently cut into 4 x 0.5 x 0.1 cm rectangular strips using a 
razor. Composites for Dynamic Mechanical Testing were molded in polystyrene weigh boats, 
thus, these samples were cured at 60°C. These samples were cut into 2.0 x 0.5 x 0.1 cm using 
a razor.  
Differential scanning calorimetry (DSC) was performed using TA Instruments Q2000 
(Heating/Cooling rate = 10°C/min). For example, 3 mg of particles are added into an 
aluminium pan, and subsequently placed into the DSC stage, which has a temperature of 40°C 
by default. The temperature is held constant for 5 minutes to achieve equilibrium before 
performing cooling/heating. 
Scanning electron microscopy (SEM) of the undercooled particles in Figure 1a were obtained 
using JEOL JSM-6060LV with a secondary electron detector (ET detector) and accelerating 
voltage of 20 kV.  Micrographs of the composite were taken using an FEI Inspect F50 with a 
backscattered electron detector to obtain contrast between the matrix and fillers. Accelerating 
voltage was initially set to 8 kV but to further increase Z contrast (to show spinodal 
decomposition), it was increased to 30 kV. 
Mechanical testing. Dynamic mechanical analysis (DMA) measurements in tension mode 
were performed using TA Instruments Q800. Dynamic strain was set at 1 Hz and static force 
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at 0.01 N with increasing amplitude from 500 µm to 1600 µm. Tension tests were performed 
on Instron 5944 single column testing system using pneumatic grips and an extension rate of 
1 mm/sec. The initial gauge length is maintained at 27 mm for both pristine and pre-
compressed samples. 
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GENERAL CONCLUSIONS 
Progress in synthesis of polymeric materials has dominated by assumptions and 
strategies postulated early in the discipline with most recent advances being in coordination 
polymerizations or closely related reactions. Despite the major advances, limitations of relying 
on these traditional methods continue to challenge our ability to effectively synthesize and 
design new classes of materials. This thesis discusses the limitations and challenges that persist 
in three major aspects of polymeric materials preparation and provide a fresh viewpoint based 
on ‘soft’ strategies. These new approaches are summarized in three key projects across 
different polymer classes. 
First, a classical requirement—initiation, in olefin derived polymers is addressed. 
Olefin polymerization traditionally assumes the need for a labile molecule initiator. Analysis 
of olefin polymerization mechanisms infers that scission (homolytic or heterolytic) of the π-
bonds, without perturbations to the underlying -bond, is essential. The use of solvated 
electrons, thus, represents the simplest and possibly most efficient method for initiation since 
only a single nuclear translation must occur after activation. Furthermore, the subatomic 
particle not only affords rapid polymerization due to Franck-Condon type transitions, but also 
creates the opportunity for bimechanistic and one-step block co-polymerization at ambient 
conditions.  
Second, we develop improved alternatives to classic coordination polymer synthesis. 
Solvothermal methods are the go-to approaches in preparation of coordination polymers. 
Solvothermal methods, however, are batch-based processes that utilize thermal gradients under 
elevated pressure to induce polymer growth and precipitation. Application of temperature 
gradients in such cases is important to create an imbalance in chemical potential, μ, which 
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leads to a bias in solute (chelated metal ions) transport. Concentration gradients, however, 
directly causes position-dependent (relative to the reservoir) asymmetry in μ and subsequently, 
induce precipitation. Heterogeneous synthon, such as metal particles exposed to a reactive 
(etching) solvent present such concentration gradients (HetMet). The concentration of the 
metal atoms in the particles will be considerably higher than the solvent, thus, creating a large 
difference in μ relative to dissolved, oxidized adducts. HetMet allows ambient synthesis of 
coordination polymers and therefore, provide a means for continuous production of high-
aspect ratio materials via an ad infinitum polymerization and in situ self-assembly.  
Finally, a new approach to smart composites based on a coupling of metastability to 
composite design is reported. Mechanically responsive composites have primarily been 
fabricated by incorporating mechanically sensitive reagents that initiate polymerization as they 
are stressed. From a thermodynamics viewpoint, a kinetic barrier is created such that the 
mechanical stimuli must sufficiently overcome it to proceed the reaction. Similarly, metastable 
phases follow an identical path. A kinetic barrier prevents the metastable phase from relaxing 
into the stable phase. Metastable liquid metal particles embedded into an elastomeric matrix 
creates a mechanically responsive composite, with the advantage that this process is heat-free 
and occurs instantaneously.  
The viewpoint provided in this thesis demonstrates not only specific improvements but 
also represent a general strategy, which tackles the fundamental criteria or synthon in the 
synthesis. Once the criteria are known, non-traditional alternatives will indefinitely become 
more visible. 
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APPENDIX. MAGNETIC TWO-WAY VALVES FOR PAPER-BASED CAPILLARY-
DRIVEN MICROFLUIDIC DEVICES 
This article presents a magnetically actuated two-way, three-position (+,0,-), paper 
based microfluidic valve that includes a neutral position (0) — the first of its kind. The system 
is highly robust, customizable, and fully automated. The advent of a neutral position and ability 
to precisely control switching frequencies establishes a new platform for highly controlled 
fluid flow in paper-based wicking microfluidic devices. The potential utility of these valves is 
demonstrated in automated, programmed, patterning of dyed liquids in a wicking device akin 
to a colorimetric assay but with programmed fluid/reagent delivery. These valves are 
fabricated using facile methods and thus, remain cost effective for adoption into affordable 
point-of-care (PoC)/bio-analytical devices.    
 
This chapter was modified from an article published in ACS Omega. (Fratzl, M.; Chang, B. S.; Oyola-
Reynoso, S.; Blaire, G.; Delshadi, S.; Devillers, T.; Ward III, T.; Dempsey, N.M.; Bloch, J.-F.; Thuo, 
M. M*., 2018, 3, 2049-2057) 
 
A.1 Introduction 
Affordable microfluidics have recently garnered renewed interest, in part, due to the 
emergence of pump-free, capillary wicking-based point-of-care (PoC)/bio-analytical devices. 
These devices allow users to perform chemical and biochemical sensing beyond what is 
currently available in most laboratory environments. Point-of-care devices need to be low-cost, 
deliver rapid results and be simple to use even by unskilled personnel irrespective of the 
setting.1,2 Although pump-free and wicking-based analytical devices (e.g. pregnancy tests) 
have been used for a long time, a resurgence in interest has occurred following the introduction 
of microfluidic paper analytical devices (µPADS) in 2007.3 Paper µPADS offer simple, 
disposable, and affordable analytical devices for bioassays and environmental analysis.4-12 
These µPads have numerous advantages over classical microfluidics viz; i) Porosity induced 
capillary action eliminates the need for external pumps, ii) µPads are bio-compatible for 
various applications including clinical diagnosis, food quality control, and environmental 
106 
monitoring and,13 iii) µPads and paper microfluidics build upon established technologies such 
as lateral flow tests. 
A downside to this promising technology is the reproducibility of the active elements 
used in conventional open-channel microfluidic applications—assuring robust fluid control, 
such as valves and switches. This challenge has led to an intense search for methods to control 
fluidic flow on wicking-based devices. Recently, efforts to fabricate paper-based valves to 
switch fluid flow on and/or off in channels have been reported. These valves fall into two main 
categories, viz; i) wetting-based gating, where the wettability of the barrier changes in the 
presence of a stimulus, or ii) controlling contact between two wicking channels. One approach 
is based on hydrophobic and hydrophilic electrodes that close and open a fluidic channel when 
a voltage is applied. In the valve concept presented by Koo et al. in 201314, the fluid flows past 
a hydrophilic electrode and stops at the hydrophobic electrode (Figure 1 a(i)). When a voltage 
is applied, the hydrophobic layer is destroyed and fluid flow is triggered. A similar valve based 
on melting wax has also been developed.15 Electrowetting or thermal gating valves are 
destructive and are one-way single-use (actuation can only be performed once) devices.16,17 
Furthermore, there is no guarantee that the applied voltages/heat or degraded chemicals will 
not affect the analyte or the fluidic properties. As an alternative, Chen et al.18 exploited the 
biphilic nature of surfactants to invert the wettability of a non-wetting gate allowing fluid flow. 
The valve consists of a disk (trigger), and an open ring surrounding the trigger as a gate, both 
separated by a hydrophobic gap (Figure 1 a(ii)). A trigger fluid (orange) loaded with 
surfactants, helps overcome the hydrophobic gate allowing aqueous fluid flow. The dissolved 
surfactant molecules raise the surface tension of the hydrophobic barrier, releasing the gated 
fluid (blue). This approach, however, introduces the surfactant into the test fluid, increasing 
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flow and test complexity. Houghtaling et al.19 reported a soluble-bridge type valve, where a 
short piece of the µPad can be dissolved, opening the valve.  
The main class of paper-fluidic valves, however, are mechanically triggered valves in 
which contact between two channels is controlled. Toley et al. recently reported an actuation-
based valve using paper strips and fluid-triggered expanding elements (swelling sponge) to 
push two channels into contact (Figure 1a(iii)).20 A similar 2-way valve, based on a fluid 
triggered paper actuator, has recently been presented by Kong et al.21 Other mechanically 
triggered valves are mostly based on manual actuation of a paper cantilever (Figure 1a(iv)).22-
26 Each of these techniques have their unique advantages and disadvantages with regards to 
cost, automation, flexibility in design, and reliability. In general, most of the presented 
techniques are either irreversible (one way),14,18,23 or have a slow switching dynamics20,22,24,25. 
Of all presented systems, only the fluid-triggered expanding element valves20,21 allow 
switching between two exit channels. Furthermore, the response dynamics would be slow and 
erratic since the switching mechanism depends on polymer swelling or paper deformation 
kinetics. 
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Figure 1. a) Approaches for unidirectional valves. These methods are generally irreversible 
and difficult to control. b) Controlled and reversible valves using magneto-mechanical 
actuation. 
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Magnetism is widely used in microfluidics to exert contactless and long-range 
attractive or repulsive forces on ferromagnetic, ferrimagnetic or paramagnetic materials. Li et 
al.27 reported a paper-based magneto-mechanical valve fabricated by attaching an iron loaded 
PDMS film on one side of a paper cantilever (Figure 1b(i)). By applying an external magnetic 
field, the cantilever deforms and comes in contact with an underlying channel, allowing fluid 
to flow downstream, thus, providing a reversible valve actuation. However, this method has 
numerous limitations, the principle one of which is the use of soft magnetic nanoparticles 
which implies that only attractive magnetic forces can be used to close the valve. As the 
magnetic film covers one side of the paper cantilever, fluid flow can only be achieved through 
the opposite side, limiting the channel capacity and eliminating the possibility of two-way 
valves. In summary, a majority of the reported valves are, therefore, one-way and/or slow in 
actuation, and hence, are comparable to an electric diode (applying electrical circuit theory to 
microfluidics).28-30 To build logic-based (programmable) systems comparable to conventional 
microfluidics from paper-based devices, the equivalent of multi-way switches and transistors 
are needed. 
Recently, we developed techniques to micro-pattern high-performance hard-magnetic 
polymer composites based on magnetic powders31 or pillars32, characterized by magnetic field 
gradients as high as 106 T/m. Paper-polymer composites are also well-known and permeation 
of polymeric materials into paper has been reported.33 Building on this success, we 
hypothesized that integrating spatially-resolved controlled wetting (hydrophobic and 
hydrophilic zones) coupled with patterned hard magnets on paper will lead to a 3-point, two-
way valve for wicking-based (filled channel) microfluidic devices. Herein, we demonstrate 
that hard-magnetic powders such as NdFeB can be directly incorporated into paper (Fig 1b(ii)) 
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to create a highly customizable (hackable and stackable) two-way valve. In this case, both 
paper surfaces remain available for capillary fluid transport and following magnetization of 
the hard magnetic powder, the cantilever can attract or repel the paper by applying a magnetic 
field, hence, switching the valve. This allows for the first Magnetic-µPad (M-µPad) compatible 
two-way valve. We present two adaptable methods to fabricate such a device, each being 
expandable to a variety of valve designs or platforms. 
 
A.2 Valve Design and Fabrication 
To obtain a functional paper magnetic valve, both surfaces of the paper must remain 
accessible for capillary fluid transport. Ideally, both capillary surfaces have the same size to 
guarantee consistent fluid flow. Furthermore, the magnetic particles should be isolated from 
the moving liquid to avoid contamination of the analyte, degradation of the magnetic particles, 
and/or unwanted reactions. We present two different techniques to build paper magnetic valves 
(Figure 2): For brevity and clarity, we designate these two approaches as; i) Depositing, 
Compositing and Magnetization (abbreviated DCM, Figure 2a) and ii) Embossing, 
Impregnation and Magnetization (abbreviated EIM, Figure 2b) techniques. Note that both 
techniques offer full flexibility to design the valve geometry and the magneto-active zone(s) 
depending on the application. In this work, we chose valves that consist of a disk pad (15 mm 
diameter) attached to a rectangular test strip (5x25 mm). Magneto-active zones were shaped as 
disks, open rings and squares. These magneto-active zones were isolated or fixed onto paper 
using PDMS. To mitigate reagent adsorption into the polymer matrix, a trichloro 
perfluoroalkylsilane hydrophobic barrier was drawn between the wicking channel and the 
deposited magneto-active zone.34 The PDMS matrix can be replaced with other polymers such 
as super glue or wax, however, integrity of the microfluidic channel may be compromised 
111 
depending on the wetting/wicking properties of the polymer (see superglue example, 
Figure S1).35,36  Viscous liquid polymers, such as pre-cured PDMS or molten wax, minimally 
spread in the lateral direction but still get imbibed through the thickness of the paper, primarily 
due to gravity.37-39 The higher viscosity also aids dispersion of particles during mixing, 
therefore, a more homogeneous substrate is obtained. For easier processing and device 
fabrication, particles were magnetized after device fabrication.  
 
A.2.1 Depositing, Compositing and Magnetization (DCM) 
The Depositing, Compositing and Magnetization (DCM) technique was developed to 
allow large scale production of paper-magnetic valves. Therefore, the magneto-active regions 
were directly integrated during the paper fabrication process. After fabricating a sheet of paper 
through an ISO 5269/1 TAPPI process, the outline of the valve was traced using a pen on the 
still-wet sheet (Figure 2a).  Hard-magnetic powders were deposited through a transparent PET 
mask to form the magneto-active zone. Figure 2a shows the fabrication of a disk-shaped 
magneto-active zone, however, the shape of the zone can be adapted to any need. A second 
sheet of paper with identical properties was fabricated and placed on the first one. The 
composite structure was subsequently dried in a sheet dryer at 60 °C. This compound paper 
was stable and the process does not require additional chemical binders. Further reinforcement 
of the magnetic particles, if needed, can be attained by adding ca. 0.01 g PDMS through the 
magneto-active zones, which upon curing (30 min curing time at 80 °C) will subsequently coat 
and reinforce the fiber network, isolating the magnetic particles from the flowing fluid.  
 
112 
A.2.2 Embossing, Impregnation and Magnetization (EIM) 
While the DCM technique is suitable for scale-up and rapid prototyping, the TAPPI 
process is not readily accessible, especially in resource-limited settings. The Embossing, 
Impregnation and Magnetization (EIM) technique consists of selective deposition of the 
magnetic powder on the valve, such that the position of the particles does not affect fluidic 
flow through the channel nor interfere with the analyte. First, the valve is cut out of a sheet of 
paper followed by partial embossing of a C-ring shape around the valve zone to aid in 
deposition of the magnetic particles (Figure 2b). From the embossing, a step (80± 20 µm) 
designating the magneto-active region, was created using a 3D printed mold (Figure S2). Hard 
magnetic particles (NdFeB) dispersed in PDMS (mass ratio of 5:1 PDMS:NdFeB) were then 
deposited on the embossed region. 0.05 g of the suspension was used per device. The PDMS 
matrix wicks through the paper and upon curing, immobilizes the particles in place without 
compromising the channel portion of the device (Figure 2b). 
 
A.2.3 Theoretical Understanding of Flow Behavior in Paper 
Fluid transport in paper has been qualitatively investigated and depends on uniform 
surface chemistry, fiber uniformity and follows transport behavior in a porous media.40 For 
clarity and predictability, we empirically and in silico evaluated fluidic transport in our paper 
to assess for predictability of fluid behavior (see Supporting Information, Figure S7).  For 
pulsed flow using the valves proposed herein, there should be two asymptotic time domains 
that can be used to separate mixing from slug formation.  The two dominant time domains are 
the asymptotic physical limits of molecular diffusion and momentum transport.  Fluid flow in 
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porous media is typically governed by Darcy’s law which results in a reduced order momentum 
equation that is based on an average fluid velocity, u, and is of the form40,41: 
 
u = −(K/μ)∇P 
 
Here, μ denotes the viscosity of the fluid and, K, is typically the Darcy flow 
permeability. Assuming unidirectional motion and homogeneous permeability the equation 
may be integrated to determine an expression for the pressure that drives fluid motion. It is 
generally understood that fluid motion in fiber based porous media is driven by a combination 
of capillary pressure i.e. wettability of the fluid on the fibers, and the porosity, here denoted 
using ϵ.  A general form of the equation for capillary pressure is: 
 
Pcap = −f(ϵ)γ cosθ/a 
 
That is, measuring capillary pressure involves some direct measurement of contact 
angle θ, and surface tension, γ. Here we write the function denoting porosity as f(ϵ) = (1 −
ϵ)/ϵ such that materials with a high porosity will tend to have lower capillary pressure.40 The 
negative sign yields a vacuum gauge pressure relative to a reference one which we take here 
to be zero. The last variable, a, represents a length scale of the capillary pressure which is 
typically considered to be the hydraulic fiber radius which we take to be half a typical fiber 
width (~20 μm).42 In practice it is simpler to lump the capillary pressure as a single term since 
measuring the parameters independently is difficult. Furthermore, there is a direct relationship 
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between the permeability and porosity for paper based porous media.42 Inserting the capillary 
pressure as the boundary condition for Darcy flow over the arbitrary distance, L(t), and then 
noting that the unidirectional velocity at the interface is u = dL/dt, results in a familiar rate 
equation for the distance travelled, or L(t) = [2tKf(ϵ)γ cosθ/aμ]1/2.  Note that this expression 
is similar to the reduced order form of the Lucas-Washburn expression for capillary rise in a 
vertical tube, i.e. L~t1/2.43,44 The rate of mass transport is proportional to ωdiff =
D/[(1 − ϵ)t]2 where  D is the diffusivity, t, the paper thickness and (1 − ϵ)t is the length 
occupied by the paper.  Valve pulse frequencies greater than this will always lead to mixing of 
two miscible fluids in the fiber channels. Similarly, when the valve frequency is less than the 
displacement frequency ωdisp = 2Kf(ϵ)γ cos θ /μaL
2 , where L is the desired distance 
travelled by the fluid, slug formation occurs. It is therefore feasible to exploit actuation to 
introduce mixed or sequential bands of liquids in a paper channel. This implies that 
microfluidic mixers on capillary driven channels can be realized or sequences of liquid plugs 
akin to droplets of oil in water in regular microfluidics can be obtained. 
 
A.3 Results and Discussion 
All fabricated devices were evaluated for integrity by wicking a coloured aqueous fluid 
through the microfluidic channel. The papers used in this work are fabricated in house with no 
additives, hence isolating their effect on the valve performance. Figure 3a shows a fabricated 
DCM valve integrated into a M-µPad, with the trapped hard magnetic particles visible through 
the composite structure. The TAPPI process fabricated paper had a thickness of 149 ± 3 µm 
(per single sheet), a basis weight of 120.5 gm-2 and a porosity of 0.47, thus the composite had 
a total thickness of 291± 3 µm. The structure was magnetized in the out-of-plane direction 
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under an applied magnetic field of 1.5T. A stray field out-of-plane component of 3.0±0.2 mT 
was measured at 1.5 mm above the magneto-active surface.  
Similarly, Figure 3b shows a fabricated EIM device (fabricated out of blotting paper) 
with the fluidic channel holding blue colored water. The magneto-active zone does not wet and 
is therefore isolated from the channel (Figure 3b). A scanning electron microscopy (SEM) 
image of the dispersed particles (Figure 3c) showed a stochastic distribution in the matrix, 
hence a Gaussian distribution of the magnetic field strength is expected across the magneto-
active zone. Imaging the backside of the magneto-active zone reveals no particles although the 
PDMS matrix is shown to have permeated through. Comparing the backside of this device with 
an untreated region shows that although the fiber organization is not perturbed by the 
deposition process, the porosity is however significantly different due to the presence of the 
matrix in the former (Figure 3c). At 1.5 mm above the surface, the thus-fabricated and 
magnetized magneto-active zone emitted an out-of-plane stray magnetic field component of 
2.3 mT (±0.3 mT).  
To demonstrate its applicability, a strip shaped DCM valve (including a rectangular 
magneto-active zone) was placed above a 5 V / 400 mA powered electromagnet (Figure 3d). 
By applying a magnetic field using an electromagnet, the one-way valve closed, and blue 
stained water flowed through the valve. On turning off the field, the valve subsequently 
opened, and fluid flow stopped. Devices were also tested for actuation using a hard magnet. 
We observe that irrespective of the configuration, the actuation (switching) process is highly 
repeatable (>20x) with negligible reduction in magnetic response. 
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A.3.1 Valve Actuation 
For versatility, adoptability, and tunability, M-µPads should be designed to be portable 
and user-friendly. In an inhomogeneous magnetic field, the volumetric field gradient force on 
an object is given by 
𝑓𝑚𝑎𝑔 = (𝑀 ∙ ∇) 𝐵 
Here, M is the magnetisation vector of the object, in this case the magneto-active region 
of the valve, and B is the induction vector of the magnetic field source. Therefore, maximizing 
the ﬁeld gradient optimizes the attractive force on the valve.  It could be advantageous if the 
field source is electronically controlled (intensity or position) and operated at low voltage 
hence amenable to a processor-based control. As a field source, one could consider an 
electromagnet (as discussed above) or a permanent magnet.  
The commonly used Arduino interface allows one to operate an electromagnet at a maximum 
of 5 V / 400 mA, limiting the intensity of the magnetic field it can produce (Figure S3, 
measured using a Gauss-meter) and more severely, its magnetic field gradient induced by the 
coil would be limited to 0.8 T/m. Furthermore, the coil heats up (~ 40 °C), which might have 
some undesirable effects on the biochemical assays performed with the M-µPad. These issues 
can be resolved by appropriate choice of electromagnet size and its thermal management, 
which is however beyond the scope of this work. We, therefore, propose to fabricate valves 
using hard magnets. A NdFeB permanent magnet (Ø = 8 mm, height = 4 mm) provides 5 times 
greater field gradient (4.6 T.m-1, Figure 4a) at the same working distance (3 mm) as the 
electromagnet discussed above. When the hard-magnetic particles are magnetised in the 
direction opposite to the magnetic field source, to produce a repulsive force (position 2), the 
maximum strength of the magnetic field source should be less than the coercive field value of 
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the hard-magnetic particles, so as not to (partially) demagnetise the magneto-active zones. The 
NdFeB hard magnetic particles used here have a coercive field value of about 0.8 T, while the 
field produced at 3 mm above the field source is 0.15 T (Figure S3), rendering the reduction in 
magnetization negligible.  
 
Figure 3. a) Prototype of DCM valve. b) EIM prototype valve with fluid flowing only in the 
test channels. c) SEM images of selected areas in the EIM valve showing the impregnation of 
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PDMS and the magnetic particles on paper. d) Successful demonstration of a DCM valve 
actuation test. 
 
To change the valve position, we mounted two permanent magnets (oriented in opposite 
directions) on a servo motor operated by an Arduino microcontroller (the exact setup and 
source-code can be found in the supporting information and is shown in Figure S3). Three 
positions were programmed to operate the valve: position 1, valve open to bottom channel 
(Figure 1), position 2, valve open to top channel, and position 0, valve closed (in the latter case, 
no magnet was positioned under the valve). The opening of the valves after activation by an 
external magnetic field is quasi instantaneous. However, in the case of activation by an external 
permanent magnet, the latter must be positioned below the valve using the servo motor. Due 
to lag in rotational movement, position switching of a valve operated with a motor is about 0.6 
seconds, while the valve operated by electromagnets can be switched nearly instantaneously. 
However, the induced delay is very reproducible as the motor always performs the same 
movement, thus the delay can be considered during programming of the sequence. Finally, it 
is worth noting that this delay is very small compared to the average flow speed of the liquid 
in our paper structure (which, experiment shows (Figure S4), is about 0.5 mm/s). The actuation 
speed of the valve is also influenced by paper properties, depending on the porosity and paper 
chemistry, more or less fluid can pass through the valve. Lighter paper can be operated with 
lower magnetophoretic force, hence, less particles. Gravitational forces, however, will bend 
thinner paper towards position 1 when the channel is filled with a fluid. Furthermore, wetting 
this paper reduces its stiffness and smaller particle sizes are required for this region to remain 
embossed. In contrast, stiffer paper may require higher forces to actuate motion, but 
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gravitational forces will have less effect on them. Finally, the retracting force of the paper valve 
must be greater than the capillary force between the wet surfaces, to allow the valve to return 
to position 0 (closed). 
 
A.3.2 Applications of magnetic two-way valves in Sequential Fluid delivery 
The key advantage of two-way paper based valves are hypothesized to be their 
capabilities to perform automated, programmable and controlled multistep liquid delivery 
especially from multiple inlets into a single outlet. This capability could garner applications in 
immunoassays where multiple wash steps or timed reagent additions are necessary. 
Conventional lateral ﬂow immunoassays (LFIA), for example, are limited to single-step 
delivery of chemicals, without the capability to add washing, blocking steps or signal 
amplifying reagents.45-47 The automated addition of critical components onto highly sensitive 
assays such as ELISAs could significantly improve their limit of detection (LOD), lower 
contamination events, and boost reproducibility (hence reliability). Thus, we propose the 
incorporation of magneto-active zones onto conventional paper-based point-of-care strips, as 
a unique approach towards automated, multi-channel, paper-based devices. 
To demonstrate the applicability of these devices, we built a M-µPad demonstration 
compatible with both magnetic valve techniques (DCM & EIM). First a single source and drain 
channel configuration was fabricated using the DCM valve (Figure 4b(i)). In these devices, the 
valve acts as a timer where the rate of wicking in the drain channel is slowed down by cutting 
off the supply. This is important where reagents are embedded in the paper and time is needed 
for a reaction to reach completion. Although we demonstrate the DCM valve with a single 
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source and drain, this can be extended to two sources with the separation space acting as a 
neutral (0 point) and each reagent being designated as + or – relative to the z- axis. 
In our EIM based prototype, two reagent pads connected to a reservoir with syringe 
needles were used as the source with a channel that feeds into the valve and subsequently wicks 
to the drain channel Figure 4b(ii). The drain channel was terminated with a waste pad to ensure 
continuous flow. Colored aqueous solutions were introduced into the device via a microfluidic 
syringe pump providing blue (reagent 1) and red (reagent 2) solutions at 0.01 mls-1. Since these 
devices are wicking-based, a pump-free configuration could also be setup, exploiting either 
capillary rise or gravity to deliver the dyes into the source channels and across the valve. In 
Figure 4b(iii), the valve was first opened towards reagent 1 (blue), filling up the drain channel 
with blue dye. After 120 s, the valve was switched towards reagent 2 (red), which allows red 
dye to enter the test strip. Finally, the valve was closed towards position 0, stopping the fluid 
flow.  
Based on the ability to switch between one source channel to another orthogonal to 
fluidic flow (along the z-axis), we envisioned that an array of blue-red color sequences (stripes) 
can be loaded into the drain channel by programming timed switching between the two source 
channels, making these devices a dynamic valve. To demonstrate dynamic properties of this 
magnetic valve system, we recorded a sequence in which an EIM-M-µPad was flipped between 
position 1 and 2 at a frequency of approximately 10 mHz. A video can be found in the SI 
(accelerated 20x), while Figure 4c shows a snapshot of a recording after 10 minutes. During 
this time, the valve switched 6 times between the two fluid supplies, providing a blue/red 
barcode-like channel colouring. The ability to sequentially add different liquids in a highly 
controlled manner could potentially open new applications in paper microfluidics, especially 
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in the area of diagnostics24,48,49, bio-environmental analysis50 or fabrication of neoteric 
platforms such as in infochemistry51,52. A minimum cycle of 20x was performed without 
change in performance. Also, an analysis of the fluid velocity depending on the valve position 
can be found in Figure S4. 
While we demonstrate that EIM based M-µPad can create alternating blocks (red-blue), 
mixing of liquids was also achieved. Darcy’s law predicts that the fluid pressure will drop in 
longer paper segments leading to a significant drop in flow rate. We therefore hypothesized 
and demonstrated that the establishment of stripes of alternating colors depends on an 
equilibrium between switching frequency and wicking rate. When the switching frequency is 
sufficiently low, the source fluid significantly wicks away from the valve allowing the creation 
of band structures. When the switching frequency is significantly higher, it can be anticipated 
that the lateral displacement of the liquid into the drain channel will be insignificant, hence 
contact with a second fluid leads to mixing. By tuning the switching frequency, we can 
therefore induce mixing at different segments of the test strip and create separated bands as 
needed (Purple color, Figure S5). At higher frequencies (0.1Hz), we observed direct mixing in 
the valve entry regions: In this case, the primary (blue) fluid does not significantly wick into 
the drain channel before the introduction of the second reagent (red) leading to mixing (purple). 
Reagent mixing can also be controlled by changing the test strip length as predicted by Darcy’s 
law. We therefore infer that these valve systems are dynamic and tunable, since the presence 
of bands or mixed states can be achieved by tuning the M-µPad geometry, switching frequency, 
channel size, and the viscous properties of the fluid. 
Compared to previously reported paper based valve systems, these magnetic two-way 
valves and associated M-µPads have several advantages viz; (i) they are cyclic valves that can 
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be opened or closed multiple times, (ii) the presented two-way valves are the first paper based 
magnetic valve that possess a neutral position, two inlets and one outlet system opening a new 
range of possibilities for making paper based 3D networks. These devices have potential to 
adapt to multiple source channels. The valve can also be inverted, resulting in a one inlet and 
two outlet system, creating new opportunities for fluid separation. (iii) M-µPads implemented 
here are based on programmable microprocessor electronics and therefore, can be either 
triggered using human-machine interfaces such as buttons or, other advanced interfaces like 
touchscreens or operated autonomously based on a predefined procedure. (iv) Finally, M-
µPads come with full flexibility in design and fabrication making their production amenable 
to large industrial applications (DCM) or for smaller research and prototyping environments 
(EIM).  
Despite their advantages, M-µPads present two shortcomings: (i) The design relies on 
paper-based 3D multilayer [either open channel or wicking (so-called closed channel)53] 
devices which are more complex to fabricate than classical 2D paper devices. Nonetheless, 
there is now a large expertise in multilayer paper devices12,20,23,54 and their fabrication is 
becoming cheaper and more efficient compared to classical (open channel) microfluidic Lab-
on-Chip devices. (ii) M-µPads, by definition, require magnetic actuation either by 
electromagnets or permanent magnets, and both must be actuated by an electronic circuit. The 
price of these components is in strong contrast with the low costs of the paper components, 
however, recent evidence points towards efficiency rather than zero-cost as the critical variable 
in point-of-care/use devices.55 To mitigate lifetime cost of the devices, the magnets can be 
encapsulated and physisorbed onto the paper, allowing users to reuse the magneto-active zones 
on different test strips, hence lowering the total cost of the devices i.e. the actuators are 
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transferable from one device configuration to another. This could potentially lower both 
fabrication cost and environmental impact especially when using rare-earth magnets. Such a 
design will, however, make the devices less user-friendly, which is crucial in point-of-care 
devices. Furthermore, combining the small scale and wireless nature of such devices, they can 
be easily integrated into handheld devices such as the multi-disease diagnostic devices recently 
developed by Liu, Thuo and co-workers.56,57 Overall, the devices reported herein have 
significant potential in the development of pump-free microfluidics as highlighted below. 
Prospects: Flow in capillary microfluidics29 and paper based microfluidics7,54 is often 
explained with the hydraulic–electric circuit where the resistance to ﬂow corresponds to 
electrical resistance, the volumetric ﬂow rate to electrical current, and the pressure drop to 
potential drop. Classical microfluidic devices have been designed and developed in an 
analogous fashion to electronic components.30 In paper based microfluidics, Chen et. al.18 
described the valves they presented as diodes since fluid can only flow through them in one 
direction. One-way paper-magnetic valves27 can also be compared to transistors as they can be 
(i) open, (ii) closed, or (iii) regulate the amount of fluid flow through high frequency open-
close operations. In this analogy, the two-way paper magnetic valves described in this paper 
are analogous to both a transistor but also to a Single Pole Double Throw (SPDT) relay 
allowing diversification of the device complexity beyond a simple switch. These valves are, 
therefore, logical operators that will likely open new capabilities in the near future.  
Simplicity: Microfluidic devices embody the power of stackable and hackable 
simplicity, hence have potential for significant impact in research and technology 
development.58,59 Gated microfluidic devices offer an opportunity to develop a diverse array of 
devices to address otherwise complex problems. The equivalence of a good microfluidic valve 
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to a transistor or a switch embeds within it the potential for diversification into a complex 
system like a computer network (best captured by the internet) albeit without the complexity 
of quantum phenomena in electronic devices. The magnetically actuated valves presented in 
this article can be easily stacked, by addition of multiple ports and valves to create multiple 
sources or drains. Furthermore, as previously described, our system is also highly customizable 
— “hackable” in terms of geometry, modulating frequency and paper properties. Thus, we 
infer that the innovation conveyed here is a simple solution to the advancing field of wicking-
based microfluidic devices. 
 
A.4 Conclusions 
The reported three point magnetic valves allow for selective, programmable and 
tunable delivery of fluids across a source and drain in a manner that can be adapted into more 
complex device structures. The fabrication is rapid, and devices are relatively efficient and 
low-cost. Specifically, we demonstrated that; 
i) Two-way microfluidic valves can be fabricated with electromagnets or permanent 
magnets. These devices can be tuned to form mixtures of separated plugs of different 
solutions, 
ii) Exploiting well-known fluid transport in porous media, the capillary-driven flow 
properties of a liquid on paper can be predicted and exploited to design an actuation 
scheme that leads to mixing or consecutive bands of solutions, 
iii) The developed valves can be extended to more complex microfluidic device layouts to 
create elaborate bio-analytical platforms for effective and rapid sensing, diagnostics or 
sample preparation. 
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A.5 Materials and Methods 
Materials 
Gas atomized NdFeB particles (MQP-S-11–9) were provided by Magnequench GmbH 
(Germany) and sieved to obtain an average size of 40 µm. These particles were magnetized 
under 1.5 Tesla using a Harvey-Wells (USA) electromagnet. All induced magnetic fields were 
measured using a Gaussmeter from FW Bell (USA) model 5080. The Arduino Uno R3 board, 
Groove Electromagnet, servo motor and all electronic components were obtained from Seeed 
Technology Co., Ltd (China). NdFeB magnets were obtained from Supermagnete Webcraft 
GmbH (Germany). Polydimethylsiloxane (PDMS) Sylgard 184® was obtained from Dow 
Corning and (1H,1H, 2H, 2H-perfluorooctyl) silane was purchased from Sigma Aldrich. 
Duro® Super Glue was purchased from the Iowa State University Chemistry Store. Food 
coloring was obtained from Ach Food Companies, Inc. All components were used as received. 
A cost approximation can be found in Table S1. 
Experimental methods 
In general, all components of the 3D paper networks (M-µPads, including EIM valve) were 
build using industrial blotting paper fabricated in house. This cellulose fiber based material 
was made from a mix of softwood and hardwood fibers, with no added fillers, on a pilot paper 
machine. This paper had a thickness of 493 ± 17 µm (micrometer Lhomargy (ISO 534: 2011)) 
with a grammage of 287.4 g/m2 (ISO 536 : 2012) and a porosity of 0.62 (by comparison with 
fiber density of cellulose). This material has been shown to maintain its strength and rigidity 
under wet conditions.60 Paper used for the DCM valves were produced using an ISO 5269-
2:2005 (DIN 54 358) TAPPI process machine, a sheet former for the preparation of laboratory 
sheets of pulp. 
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All paper components (valves, structural components) were cut using a Cameo Omega 2, 
Silhouette America, Inc. (USA) craft cutter. Paper was embossed using 3D printed (FlashForge 
3D Printer, Dual Extruder, USA) molds. To prevent any contact of the biological sample with 
the magnetic particles, a hydrophobic barrier was incorporated in certain valves between the 
magneto-active zone and the capillary surface. To do this, we followed the procedure reported 
before by Oyola-Reynoso et al. on the TACH hand drawn technique61 (Figure S6). A sketch 
ball pen was used to deposit a hydrophobic ‘ink’ composed of 5:1 v/v% of hexane and silane. 
Structural components of the M-µPad device were modified chemically to prevent any leakage 
from the inlets. The modification was performed through chemical vapor deposition of silane.62 
In a clean and dry desiccator, Pre-cut paper samples were placed followed by 0.1 mL of 
alkylsilanes in a 10 mL dram vial. The desiccator was evacuated (~30mmHg pressure), fixed 
and placed in a preheated oven at 95 °C for 10 hours. The M-µPads were assembled using 
layers of paper and commercial tape.3 Water dyed with food coloring (ACH Food Companies) 
was injected into M-µPads using a Fusion 720 syringe pump by Chemyx, Inc. Scanning 
Electron Microscopy (SEM) was performed using a FEI Inspect F50. 
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